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The Cretaceous Niobrara Formation is a productive, unconventional petroleum 
exploration target in the Denver Basin, Colorado. It is a self-sourced oil and gas play composed 
of alternating chalk and marl units. Ductile marls can serve as major source rocks with TOC 
values ranging 2-8 wt. %. These marly intervals can also serve as seals for the underlying brittle 
chalk reservoirs. Chalk intervals are comprised of carbonate-rich pellets, coccoliths, pelagic 
foraminifera, inoceramids, and oyster shells, and tend to have higher porosity and permeability 
values.  
Porosity distribution is controlled by the abundance of pellets, degree of bioturbation, and 
mineralogy within the chalk-marl matrix. Characterizing the pellet abundance and the 
depositional fabric provides a foundation for predicting the occurrence and distribution of 
reservoir intervals of the Niobrara Formation.  
This study involves a comprehensive evaluation and integrated approach for 
characterizing the reservoir potential in three wells from the Lowry Bombing Range in Arapahoe 
and Adams counties, Colorado. Goals of the project include: (1) a complete core description and 
identification of facies with an understanding of lateral and vertical heterogeneities; (2) reservoir 
characterization using petrographic thin sections, SEM photomicrographs, XRD bulk 
mineralogy, XRF analysis, GRI porosity/permeability data, and Source Rock Analysis; (3) a 
comprehensive description of the pore system and storage capacity; (4) a geomechanical 
evaluation of fracture-prone benches and fabrics that enhance brittleness; (5) identification of 
potential reservoir targets within the Niobrara Formation; and (6) an evaluation of the influence 
of regional paleo-high structures on thermal maturity and the total petroleum system. Ultimately, 
iv 
this study aims to identify the geologic parameters that contribute to productive wells throughout 
the Lowry Bombing Range. 
Nine chalk-marl facies were identified by describing the cores at high resolution for 
lithology, mineralogy, degree of bioturbation, sedimentary structures, fossil presence, contacts, 
and pellet abundance. Primary reservoir facies include pellet-rich marly chalks and bioturbated 
chalks to marly chalks. Carbonate-rich pellets appear to experience less compaction than the 
surrounding matrix and can maintain storage capacity for Niobrara rocks. Based on GRI data, 
average porosity and permeability values in reservoir facies were about 8% and 6.3E-4 mD, 
respectively. SEM photomicrographs indicate that storage capacity in pellets is dominated by 
intraparticle and interparticle porosity.  
The A, B2, and C Chalk intervals were defined as primary reservoir targets based on high 
carbonate concentration, low clay material, high porosity and permeability, favorable 
geomechanical properties, and high gas saturation. Based on subsurface correlations and 
mapping, the B Chalk is the thickest reservoir with the highest resistivity responses suggesting 
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CHAPTER 1  
INTRODUCTION 
1.1 Overview 
The Denver-Julesburg (DJ) Basin extends across northwestern Colorado, southern 
Wyoming, and parts of Nebraska and Kansas. It has been a prolific producer of hydrocarbons for 
over 120 years. Most of the production in the Denver Basin driven by the natural fracture 
distribution, elevated thermal maturities of organic-rich source rocks, and most recently by 
hydraulic fracturing (Longman, Luneau, and Landon, 1998). The DJ Basin is an asymmetrical 
Laramide basin with a steeply dipping western limb and a gently dipping eastern flank (Figure 
1.1).  This Laramide structural feature is a main driver for thermal maturity within the DJ Basin, 
having created the basin in which older sediments were buried and matured. Wattenberg Field is 
located in the deepest and most thermally mature area of the basin and is the most productive 
field with over 20,000 producing wells (Figure 1.2; Kirchin, 2017). The deep, central zones of 
Wattenberg Field have high temperatures associated with gas and condensates and have been 
historically drilled by vertical wells (Sonnenberg, 2011). The outer zones of Wattenberg field are 
more oil productive and serve as attractive tight oil plays for horizontal drilling (e.g., Gary, 
2016).  
Historically, the DJ Basin has had economic success drilling conventional reservoirs 
within the Permian Lyons Sandstone, the Upper Cretaceous “D” Sandstone, and the Lower 
Cretaceous Muddy “J” Sandstones. Conventional systems consist of more porous reservoir rocks 
with high permeabilities that can allow extensive vertical and lateral migration, while the low 
permeabilities of unconventional systems restrict migration to tens of feet (Thul, 2012). 
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However, due to advances in horizontal drilling and hydraulic fracturing technologies, 
exploration of unconventional reservoirs have been substantially increased. Today, one of the 
primary economic targets of the DJ Basin is the Upper Cretaceous Niobrara Formation, which is 
a major tight, unconventional petroleum resource play. 
According to a recent EIA (2018) report, regional Niobrara production is expected to 
average 670,000 barrels of oil per day in 2019. Monthly reports on oil and gas rig counts and 
production for the Niobrara Region showed increasing trends. As of October 2018, the Niobrara 
Region has a continual increase in the number of new-well oil production per rig and also an 
increase in rig count (Figure 1.3A). Gas production per rig for the Niobrara Region shows 
similar trends (Figure 1.3B). Oil production in the Niobrara Region is showing an increase in 
production, producing 620 thousand barrels of oil per day (Figure 1.3C). Gas production is at 
5,164 million cubic feet per day (Figure 1.3D; EIA, 2018).  
 
Figure 1.1 Schematic cross-section of the Denver Basin showing the steeply dipping western 
limb and the shallowly dipping eastern flank of the Denver Basin. Red star indicates the location 




       
 
Figure 1.2 A) Niobrara Formation structure map of the Denver basin. Contours equal to 1000 ft. Red indicates major gas fields and 
green represents oil fields. The deeper portion of the basin is associated with thermogenic oil and gas. Biogenic gas is produced from 
the shallow, east side of northeastern Colorado. Modified from Sonnenberg (2011). B) Active wells (blue) in the DJ Basin of Northern 
Colorado appear to coincide with deep, thermally mature parts of the Denver Basin. The approximate location of the three wells used 




       
 
Figure 1.3: October 2018 production report for Niobrara Region. A) Displays the new-well oil production per rig. B) Shows new – 
well gas production per rig. C) Niobrara Region is showing an increase in oil production, producing 620 thousand barrels of oil per 
day. D) Gas production is also increasing at 5,164 million cubic feet per day. Figure from EIA (2018).
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1.1.1 Niobrara Formation as an Exploration Target  
The Cretaceous Niobrara Formation is a productive, unconventional petroleum 
exploration target in the Rocky Mountains. It is a self-sourced oil and gas play composed of 
alternating chalk and marl units. Ductile marls can serve as major source rocks with total organic 
content (TOC) values ranging 2-8 wt. % with predominantly Type II kerogen. These marly 
intervals can also serve as seals for the underlying and sometimes overlying brittle chalk 
reservoirs. Chalk intervals are composed of calcite-rich pellets, coccoliths, pelagic foraminifera, 
inoceramids, and oyster shells, and tend to have relatively higher porosity and permeability 
values (Sonnenberg, 2012).  
Production in the Niobrara Formation requires advanced unconventional drilling and 
completions techniques due to poor reservoir rock properties with low porosity and permeability.  
Primary controls on porosity distribution are the abundance of pellets, degree of bioturbation, 
and mineralogy within the chalk-marl matrix. Characterization of pellet abundance within the 
depositional fabric provides a foundation for predicting the occurrence and distribution of 
reservoir intervals in the Niobrara Formation.  
1.2 Project Objectives and Purpose  
This study involves a comprehensive evaluation and integrated approach for 
characterizing the reservoir potential in three wells from the Lowry Bombing Range (LBR) in 
Arapahoe and Adams counties, Colorado (Figure 1.7). Goals of the project include: (1) a 
complete core description and identification of facies with an emphasis on constraining lateral 
and vertical heterogeneities; (2) reservoir characterization using petrographic thin sections, SEM 
photomicrographs, XRD bulk mineralogy, XRF analysis, and Source Rock Analysis; (3) a 
comprehensive description of the pore system and storage capacity; (4) a geomechanical 
evaluation of fracture-prone benches; (5) identification of potential reservoir targets within the 
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Niobrara Formation; and (6) an evaluation of the influence of regional paleo-high structures on 
thermal maturity and the total petroleum system. Overall, this study aims to identify the geologic 
parameters that contribute to productive wells throughout the Lowry Bombing Range. 
1.3 Area of Investigation  
Research for this study was conducted southeast of Wattenberg Field, in Arapahoe and 
Adams County, CO. Two of the wells analyzed for the study are in the Lowry Bombing Range 
(LBR). LBR, formerly known as Buckley Field, which is located east of Denver, and just south 
of Denver International Airport in Arapahoe and Adams County, CO (Figure 1.4). The area was 
originally established as an army airfield used to conduct armament and bombing training during 
World War II.  
 
Figure 1.4: Location map of study area in Arapahoe and Adams County, CO. Lowry Bombing 
Range (LBR) is shaded in brown. Figure from Proctor (2012).  
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Until recently, the LBR has been overlooked for its production potential, as more 
attention was drawn to productive fields in the north like Wattenberg Field, Silo Field, and 
Hereford Field. By 2017, there were a total of 37 horizontal wells drilled in the LBR area. The 
first twenty wells were drilled by companies including Anadarko, ConocoPhillips, Carrizo, and 
Burlington, with an average lateral length of 4600 ft. As operators started to increase the lateral 
length to around an average of 8350 ft, they saw a significant improvement in well performance 
(Kirchin, 2017). With an extended lateral length (>7000 ft), six-month cumulative oil production 
in LBR increased by 17% from an average of 30,214 bbls from the typical well length (3,800 ft-
6,000 ft lateral) to 81,138 bbls from the extended horizontals (Kirchin, 2017). This allowed six-
month oil production from the LBR to surpass the other fields in the DJ Basin (Figure 1.5A). 
Extended lateral length also enhanced gas production allowing LBR to become the third largest 
producer in the DJ Basin with six-month cumulative gas production of 98,434 MCF (Figure 
1.5B). Gas production increased in LBR by 95% with extended lateral length. The average six 
month cumulative increased from 50,386 MCF from the typical lateral length to 98,434 MCF 
with the extended horizontal length (Kirchen, 2017).  
In addition to increasing the lateral length for wells in the LBR, operators are pumping 
more frac fluid and proppant to improve well performance. Well production analyses conducted 
by Kirchin (2017) showed that the LBR fields had the highest average proppant and fluid 
pumped per foot of lateral out of all the Niobrara plays (Figure 1.6). The need for more 
completion stimulations may attest to the degree of heterogeneity, structural deformation, and the 
overpressured nature of the Niobrara Formation in this particular area. Therefore, this study will 
investigate the geological parameters that either enhance or inhibit hydrocarbon production in the 
LBR.  
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Figure 1.5: DJ Basin wells show an increase in 6 month cumulative production with increased lateral length. Map shows the location 
of fields within the DJ Basin with horizontal production from the Niobrara Formation. Typical horizontals (Hz) refers to wells 3,000 - 
6,000 ft in lateral length. Extended horizontals are wells > 7,000 ft in lateral length. A) Compares 6 month cumulative oil production 
for typical versus extended lateral length. B) Shows 6 month cumulative gas production from different lateral lengths. Figure from 
Kirchin (2017).  
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Figure 1.6: Bar graphs display well completions for fields within the DJ Basin. Map shows the outline of the major fields producing 
from the Niobrara Formation.  Top graph represents proppant per foot of lateral and the base graph shows fluid per foot of lateral. 
Based on both graphs, the LBR has the highest average proppant and fluid pumped per foot lateral out of all the fields producing from 
the Denver Basin. Figure from Kirchin (2017).  
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  This study utilized data provided courtesy of ConocoPhillips for three wells: Tebo 32-2, 
Moran Trust 2-1, and State of Colorado 36-1 (SOC 36-1), which are located in Arapahoe and 
Adams counties, Colorado. The location of these three wells are indicated in Figure 1.7.  
 
 
Figure 1.7: Top Niobrara Structure map showing the location of study wells current study (Tebo 
32-2, State of Colorado 36-1 (SOC 36-1), and Moran Trust 2-1) within the Lowry Bombing 
Range of Arapahoe and Adams County. Structural contour interval is 500 ft subsea datum. 
 
1.4 Dataset and Research Methods 
Cores, petrology, source rock analysis, and petrophysical log data have been provided by 
ConocoPhillips Corporation for three wells: the Tebo 32-2, the Moran Trust 2-1, and the SOC 
36-1. This dataset will be referred to as the COP dataset throughout this thesis. Each well was 
subsampled for different experiments and analyses. Table 1.1 presents a summary of the data 
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suites provided for each well. The Tebo 32-2 well was cored through the Sharon Springs to Skull 
Creek formations. Both the Moran Trust 2-1 and SOC 36-1 cores contain Sharon Springs to Fort 
Hays Limestone intervals.  
Table 1.1: List of three COP cores located in Lowry Bombing Range and the associated data. 
 
 
1.4.1 Core Description  
Vertical chalk-marl heterogeneity occurs at different scales. Chalk and marl sections can 
be observed at the core scale, as well as down to the centimeter to millimeter scale under thin 
section petrography (e.g., Longman et al.,1998; Michaels and Budd, 2014). In conjunction with 
observations made from thin-section and geochemical analyses, detailed core descriptions aimed 
to identify the main stratigraphic facies. Macro-scaled observations of the facies distribution 
provided insight for understanding the nature of heterogeneity of the Niobrara Formation. 
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ConocoPhillips loaned core from the Tebo 32-2. Cores for the Moran Trust 2-1 and SOC 36-1 
were stored in the Weatherford Labs in Houston, Texas. Therefore, limited access to the cores 
meant detailed macro-core descriptions were only possible for the Tebo 32-2. ConocoPhillips 
provided UV and white light core photographs for all three wells. UV photographs were 
integrated to locate bentonite beds and to assess the potential presence of hydrocarbons. Because 
these wells were drilled with oil based mud, the fluorescence of chalk or marls could have been 
misleading. The Tebo 32-2 core was described at about a foot scale for lithology, degree of 
bioturbation, sedimentary structures, grain size, pellet abundance, fracture distribution, pyrite 
presence, and microfossil abundance.  
1.4.2 Thin-Section Petrography  
Petrographic thin-sections were made available by ConocoPhillips for the Tebo 32-2 and 
Moran Trust 2-1 wells. Thin-sections were typically sampled at every three to five feet of core. 
In total, there were 135 thin-sections for the Tebo 32-2 and 134 thin-sections for the Moran Trust 
2-1 that covered the entire Niobrara stratigraphic section. Samples collected for thin section 
petrography were prepared by Weatherford Labs. Thin-sections were not prepared for the SOC 
36-1. In addition to thin sections, ConocoPhillips also provided photomicrographs that were 
taken for each thin section in plain polarized light at 50x and 200x magnification. Thorough 
documentation of variations in sorting, texture, fabric, composition, and bedding thickness 
patterns contributed to facies characterization, which are largely heterogeneous at a micro-scale. 
The thin sections were useful for observing sedimentary structures and were integrated into core 
analyses to guide the interpretations of the macro-scale facies. Facies descriptions determined 
from thin sections were found to be more useful than core analyses for addressing the 
heterogeneity of the Niobrara Formation.  
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1.4.3 Scanning Electron Microscopy (SEM) 
Photomicrographs from scanning electron microscopy were provided for the Tebo 32-2 
and SOC 36-1 wells. Each interval was documented using secondary electrons and backscattered 
electrons. Photomicrographs cover each chalk and marl bench throughout the Niobrara 
Formation. The goals of utilizing the FIB-SEM images were for examining porosity and 
mineralogical textures in each facies. In addition, the photomicrographs were used for 
investigating matrix-related microporosity in mudrocks, which is important for understanding the 
reservoir potential in unconventional systems.  
1.4.4 X-Ray Diffraction (XRD) and X-Ray Fluorescence (XRF) 
Previously acquired X-Ray Diffraction (XRD) and X-Ray Fluorescence (XRF) analyses 
provided information regarding rock composition from a mineralogical and an elemental 
perspective. XRD data enabled quantitative bulk mineralogy to be tied to the facies observed in 
cores and thin sections. In addition, XRD was used to calculate the Mineral Brittleness Index, 
which was then compared to log-based calculations for brittleness.  
1.4.5 GRI (Crushed Shale) Analysis  
Gas Research Institute (GRI) data included porosity, permeability, fluid saturation, and 
bulk density analyses for all three COP wells. This data was incorporated with FIB-SEM and 
thin-section petrography to address reservoir character and quality.  
1.4.6 TOC and Thermal Maturity Data 
TOC analyses and source rock pyrolysis were included for the three COP wells, which 
provided the foundation for comparing and contrasting source potential throughout the Niobrara 
Formation. Each well included maturity graphs, kerogen quality plots, and geochemical logs. 
Van Krevlen diagrams developed for all three COP wells suggested the type of hydrocarbon 
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sources. Additional geochemical logs display organic richness, hydrocarbon potential, organic 
matter type, and normalized oil content logs.  These logs were used to assess the source potential 
throughout the three COP wells and to observe potential trends with the thermal maturities.  
1.4.7 Geomechanical Analysis   
A combination of core and log data were used to address geomechanics. Core analysis 
were used for documenting the fracture distribution throughout the Niobrara. Cores show the 
distribution of natural fractures relative to lithology.  
XRD data was used to calculate the mineralogy-based brittleness index (Xu and 
Sonnenberg, 2016), which was then correlated to the Niobrara Formation to investigate which 
areas of the core were most brittle. Dynamic elastic-property based brittleness included Young’s 
modulus (YM) and Poison’s ratio (PR) curves that were generated from log suites for the Tebo 
32-2. YM and PR, along with the elastic-property based brittleness index, were used to further 
evaluate the rock strength of the Niobrara Formation.  Ultimately, the goal of this portion of the 
study was to identify most fracture-prone benches, facies, and the distribution of brittle intervals 
throughout the Niobrara Formation. 
1.4.8 Petrophysical Analysis 
COP geophysical logs were acquired at a relatively high-resolution (foot scale), which 
was useful for characterizing and correlating beds within the Niobrara Formation. Wireline logs 
were primarily utilized for geomechanical calculations (Young’s Modulus, Poison’s Ratio, and 
elastic-property based brittleness).   
1.4.9 Subsurface Correlations and Mapping  
After gaining a thorough understanding of the log responses in the COP wells, 
stratigraphic contacts were correlated to other wells in the basin to show the lateral extent of 
chalk and marl benches. Maps were generated through well log correlations in a total of 32 wells 
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that extend across Arapahoe and Adams County. Isopach maps showed the distribution bedding 
thickness changes, which was useful for defining the potential presence of structurally high 
features within the subsurface or differences in the depositional environment. Net resistivity 
maps were generated locally to document areas of possible hydrocarbon accumulations, areas of 
cementation, or locations of elevated geothermal gradients and thermal maturities. Furthermore, 



















       
 
CHAPTER 2  
GEOLOGIC BACKGROUND AND PREVIOUS WORK 
2.1 Overview  
The Niobrara Formation is Coniacian to Campanian (89.5-81 Ma) in age and a result of 
deposition during high eustatic sea levels of the Western Interior Seaway and foreland basin 
tectonics associated with the Sevier orogeny to the west (Gary, 2016). Sedimentation was 
influenced by tectonic growth of the basin, eustatic sea level changes, climate fluctuations, and 
water-mass dynamics in epicontinental seas (Kauffman and Caldwell, 1993). Longman and 
others (1998) modeled the Niobrara’s depositional environment that shows high siliciclastic 
sediment input to the west, high calcium carbonate (CaCO3) content to the south and east, and a 
significant increase in TOC to the east in areas with low amounts of terrigenous material (Figure 
2.1). As a result, diverse stratigraphy of marine facies with differing proportions of terrigenous 
and pelagic sediments characterize the Niobrara Formation in the Denver Basin.  Hydrocarbon 
production comes from three major lithologies: (1) microporous and fractured coccolith-and 
planktonic foraminifer-rich chalks present in the eastern part of the seaway; (2) fractured marls 
and shales from the central part of the seaway; and (3) fractured sand-rich facies found primarily 
in the western and southern part of the seaway, particularly within the San Juan Basin. 
The Niobrara Formation is one of only two Cretaceous intervals in the Rocky Mountain 
region rich in carbonate sediments. The Greenhorn Formation is the other formation that was 
deposited during an earlier transgressive event (Longman et al., 1998).  The Niobrara Formation 
is also stratigraphically equivalent to the productive Austin Chalk located in Texas and 
Louisiana. In comparison, the Austin is more chalk-rich because it was deposited in a less 
17 
       
restricted environment. During regressive events, the Niobrara Formation was deposited in a 
more restrictive environment and, therefore, is more organic-rich and has better source potential 
(Landon et al., 2000). 
 
Figure 2.1: Diagram illustrates the depositional environment of the Niobrara Formation with 
variable conditions during the Late Cretaceous Period. Modified from Roberts and Kirshbaum 
(1995) and Longman et al. (1998). 
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2.2 Regional Structure  
The structural features throughout the Rocky Mountain region have had significant 
impact on hydrocarbon generation-migration-accumulation throughout the Denver Basin 
(Higley, Gautier, and Pawlewicz, 1992; Sims and Finn, 2001; Higley, Cox, and Weimer, 2003; 
Higley and Cox, 2005). The formation of the Western Interior Basin resulted from the Farallon 
Plate subducting beneath the Rocky Mountain Region and crustal loading from the Sevier 
orogenic event during the Late Jurassic and Early Cretaceous. As a result, an extensive 
sedimentary foreland basin reached from the Sevier orogenic thrust front to the craton located to 
the east (Liu et al., 2014).  Large amounts of sediments were deposited to the west, because of 
erosion of uplifted thrust-belt highlands being deposited in the foreland basin adjacent to thrust 
belt. Additionally, sediments thinned eastward towards the cratonic platform.  
The Laramide orogeny (67.5-50 Ma) is the primary deformational event in the Denver 
Basin that contributed to the basin’s present-day morphology and fracture development.  During 
this point in geologic history, the Farallon Plate shifted to low-angle subduction, which broke the 
Western Interior Basin into several intermontane basins such as the Denver Basin (Longman et 
al., 1998).  
Paleo-high structures located along Precambrian shear zones have significant effects on 
thermal maturities, facies distribution, abundance of natural fractures, hydrocarbon 
accumulations throughout the DJ Basin. Paleo-high structures are associated with northeast –
trending basement fault blocks in the northern DJ basin and are mapped as extensions adjacent to 
the shear zones in the Front Range (Weimer, 1983). Throughout the Pennsylvanian, Permian, 
and Cretaceous, these paleo-high structures experienced recurring movement (Weimer, 1983). 
Figure 2.2 highlights the main paleo-high structures located in northern DJ Basin. On 
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aeromagnetic anomaly maps, paleo-high structures have high magnetic intensity, which is 
attributed to igneous bodies in the basement rocks (Figure 2.3). 
 
Figure 2.2: Map highlights the east-northeast-trending paleo-high structures throughout northern 
Denver Basin. Times of movement are labeled as: IP=Pennsylvanian; P=Permian; 
K=Cretaceous. M.B. = Colorado mineral belt. Wattenberg High colored in red and Turkey Creek 
High highlighted in blue. Figure modified from Weimer (1983). 
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Figure 2.3:  Map highlights location of paleo-high structures. A) Schematic map indicates important paleostructures. B) Aeromagnetic 
anomaly map of Colorado shows anomalies attributed to igneous and metamorphic bodies in the basement rocks. Outlined are the 
Wattenberg High and Turkey Creek High. Three wells used for this study are indicated by black triangles. Figure modified from Sims 
and Finn (2001). 
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The Wattenberg High is an ancient structural high prevalent in the DJ Basin with a NE-
SW orientation. It is characterized by a geothermal anomaly that is related to igneous masses in 
the basement, which tends to coincide with elevated thermal maturities and high gas-oil ratios 
(Sonnenberg and Weimer, 1993; Birmingham and Sencenbaugh, 2001). In addition, Codell 
pressure gradients and J Sandstone vitrinite reflectance data show elevated anomalies near the 
paleo-high (Figure 2.4). These paleo-high structures are also evidenced by varying stratigraphic 
thicknesses (Figure 2.5). Around the Wattenberg High, for example, it is defined by thinning 
isopach units of the Niobrara A chalk and a thickening sequence of the Sharon Springs 
Formation (Weimer, 1983; Drake and  Hawkins, 2012). 
 
Figure 2.4: Map shows the Codell pressure gradient associated with Wattenberg High. J 
Sandstone Ro anomaly indicated blue. Gray area is the productive sweet spot with high GOR and 
coincident with the temperature and pressure anomaly. Wrench faults have a NE-SW orientation. 
From Sonnenberg and Weimer (1993) and Birmingham and Sencenbaugh (2001).   
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The Turkey Creek High underlies the wells of interest for this study, and is also evident 
on aeromagnetic anomaly maps (Figure 2.3). The three COP wells appear to be in staggered 
positions above the Turkey Creek High, which could potentially impact the heat distribution in 
the area and, therefore, contribute to the elevated thermal maturity of hydrocarbon-rich intervals. 
Using source rock and thermal maturity data, this research investigated the influence of the 
Turkey Creek High and its potential contribution to hydrocarbon exploration in Arapahoe and 
Adams counties.  Figure 2.5 shows a thermal maturity anomaly associated with the Turkey Creek 
High and the Wattenberg High. Similar to the Wattenberg High, the Turkey Creek High is also 
evidenced by local Niobrara isopach thickness changes throughout the basin (Figure 2.6).  
 
Figure 2.5: Tmax map highlighting the thermal maturity of the DJ Basin. Tmax values for the 
Niobrara of 432°C to 441°C show thermal maturity for oil (Smith, 2015). Wattenberg and 
Turkey Creek High are outlined. Study wells are indicated by triangles. Modified from Smith 
(2015).  
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Figure 2.6: Gross Niobrara isochore map of northern Colorado. Dark purple represents thicks 
and light colors represent stratigraphic thins. Paleo-highs marked by isochore thins and 




       
2.3 Stratigraphic Column of Formations within the Denver Basin 
The Niobrara Formation lies unconformably on top of the Codell Sandstone Member of 
the Carlile Shale in the eastern portion of the Denver Basin.  Gross thickness of the Codell 
Sandstone ranges from 18 to 33 feet, and it thins from the north to south due to erosional 
truncation beneath an angular unconformity at the base of the Niobrara Formation. The Codell 
Sandstone is a very-fine to fine-grained sandstones and has pay zones within its bioturbated 
sandstone and laminated sandstone (Sterling et al., 2016). Within Wattenberg Field, the Codell 
Sandstone has low porosity (4-12%) and low permeability (<0.1 mD) (Stamer, 2016). Figure 2.7 
shows the stratigraphic column for Cretaceous stratigraphy of the Denver Basin.  
The Niobrara Formation is divided into two members: the Fort Hays Limestone Member, 
a chalk that has over 95% carbonate content, and the Smoky Hill Member, an alternating chalk 
and marl sequence. Figure 2.8 defines the differences between chalks and marls based on the 
percentage of carbonate content and the percentage of siliciclastic clay and silt. In general, chalks 
have more than 70% carbonate, and marls consist of more than 30% of clay. Chalks tend to be 
composed of calcite-rich peloids, pelagic foraminifera, coccoliths, Inoceramid fragments, and 
oyster shells.  Additionally, chalks tend to be highly bioturbated with minimal preservation of 
organic matter, which suggests the depositional environment had low siliciclastic input and high 
oxygen levels in the water column (e.g., Longman et al., 1998; Gary, 2016). Marls tend to be 
darker in color and can be laminated with more siliciclastic material. The lack of bioturbation 
and greater amounts of organic material may be indicative of suboxic to dysoxic conditions 
during marl deposition (Kauffman and Caldwell, 1993).  
Starting at the base of the Niobrara, the Fort Hays Limestone reflects a transgressive 
event followed a period of highstand deposition (Kauffman et al., 1985).  The Fort Hays 
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Limestone consists of bioturbated micritic limestones and mudstones. The Fort Hays Limestone 
tends to be highly cemented with low porosity and permeability and is typically not a primary 
exploration target for industry. 
 
Figure 2.7: Cretaceous stratigraphy of the Denver Basin shows alternating chalk-marl intervals in 
the Niobrara Formation. The far left column depicts the source and reservoir intervals that 
produce hydrocarbons (Sonnenberg, 2015). 
 
The Smoky Hill Member of the Niobrara Formation is characterized as alternating chalk-
rich and marl-rich intervals that become more chalk-rich towards the eastern and southern 
Denver Basin. Regionally, there are three chalk intervals (A, B, and C chalk) with three 
intervening marl intervals within the Smoky Hill Member. In the Lowry Bombing Range, the 
nomenclature used for this study consists of the A chalk, A marl, B1 chalk, B1 marl, B2 chalk, 
B2 marl, C chalk, C marl, and the D interval.  As shown in cross section, the three wells used for 
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this study cover the full stratigraphic column of the Niobrara Formation. Lithologic variation in 
the Niobrara Formation contributes to the hydrocarbon potential in the Rocky Mountain Region.  
In general, most horizontal wells are landed in the chalk benches that tends to have higher 
porosity and a greater distribution of natural fractures than compared to the marls. The 
surrounding ductile marls have high organic content that can serve as both the hydrocarbon 
source and the seal (Welker et al., 2013). For the past decade, the middle B chalk bench has been 
the main production target for the industry.  
In the Denver Basin, the Sharon Springs Member of the Pierre Shale Formation overlies 
the Niobrara Formation. Deposition of the Sharon Springs Member followed the Niobrara 
highstand of relative sea level around 82 and 77 Ma with an input of progradational siliciclastics 
into the Western Interior Seaway (Allred, 2017). Several references suggest that the contact 
between the Niobrara and the Sharon Springs is conformable. However, Weimer (1978) argues 
that the contact represents a significant unconformity based on regional log correlations. It 
appears that extensive faulting throughout the basin resulted in an erosional contact between the 
two intervals (Weimer, 1986).  
 
Figure 2.8: Lithology Classification Scheme for chalks-marls sequences of the Niobrara 
Formation. From CSM Niobrara Consortium.   
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Figure 2.9: North to south stratigraphic well log cross section three COP study wells from Lowry 
Bombing Range. Each well has the gamma-ray (GR), deep resistivity (ILD), and porosity logs 
(DPHI) displayed. Chalk intervals are highlighted in blue. Stratigraphic datum is on top of the 
Niobrara Formation. Inset map to reference location of cross sections throughout study area. 
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2.4 Niobrara Stratigraphy 
The complex stratigraphic record of the Niobrara Formation in the DJ Basin is reflective 
of the basin’s tectonic activity that resulted in basin subsidence, fluctuations in sea-level, 
changes in global eustasy, and sediment supply (Drake et al., 2013). The Niobrara Formation 
was deposited in an open marine to distal shelf setting of the Western Interior Seaway (WIS). 
During the Upper Cretaceous, the WIS covered the middle portion of the North American 
continent and extended from the Gulf of Mexico to the Canadian Arctic. Throughout time, the 
WIS experienced variable depositional processes that altered the seafloor morphology and 
sediment character. Sedimentation reflects cyclic patterns of biogenic pelagic and hemipelagic 
deposition with periodic dilutions of organic carbon by chalk and chalk by siliciclastic sediments 
(Drake et al., 2013). Ultimately, these fluctuating processes influenced the distribution and 
architecture of the petroleum system within the Denver Basin.  
Based on extensive studies of Cretaceous carbonate systems around the world (e.g., 
Laurin and Uličný, 2004;  Jarvis et al., 2006;  Locklair and Sageman, 2008). Drake and others 
(2013) suggest generalized trends for highstand-lowstand events that can be applied to the 
Niobrara Formation in the DJ Basin (Table 2.1). Relative sea-level highstand events tend to be 
associated with a shoreward shift in facies with an increase in biogenic pelagic and hemipelagic 
productivity. Sediments are more pelleted and chalk-rich with interbedded pelletal marls. Chalks 
were deposited as “snowfall” of pelagic material including calcite-bearing phytoplankton and 
foraminifera, fecal pellets, and organic matter (May, 2013). Relative sea-level lowstands 
represent a basin-ward shift in facies with increased siliciclastic sediments. The abundance of 
chalk is reduced because chalks are diluted by the clastic influx.  Facies are dominantly organic-
rich marls with interbedded pelletal chalks (Drake et al., 2013).  
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The small scale interchanging chalk and marl layers observed throughout the Niobrara 
Formation are thought to represent Milankovitch cycles, which influence Earth’s climate due to 
collective effects from the Earth’s orbital movement around the sun. Chalk deposition occurs 
during transgressions or during warm and dry Milankovitch cycles, which are characterized by 
minimal terrigenous input. During wet periods, marls are deposited as an increase input of 
terrigenous siliciclastic sediments into the basin (Gary, 2016).  
Table 2.1: shows compares the generalized differences between highstand-lowstand events 
during Niobrara deposition in the DJ Basin. From Drake and Hawkins (2012). 
 
Cyclostratigraphic sequences reveal significant architectural difference between lower 
and upper portions of the Niobrara Formation. Drake and others (2013) define four third-order 
cyclostratigraphic packages within the Niobrara Formation using a series of time-slice isochore 
maps to show the evolution of seafloor topographic features (Figures 2.10 and 2.11). Isochore 
maps were generated from wire-line log correlations from over 2,000 wells that span across the 
DJ Basin. The first sequence occurred between 89.9 and ~88.2 Ma in a broad shelf depositional 
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environment (Figure 2.10). This sequence is uniform in thickness and the stratigraphic 
architecture appears to marked by a NW-SE orientation (Drake et al., 2013). The second 
sequence deposited between ~88.2 and ~86.0 Ma is characterized by systematic, basin-wide 
submarine channel-fill that have been thought to be deposited from benthic currents and 
compensational infilling of younger sequences (Figure 2.10). This sequence has variable 
thicknesses, which could have resulted from subtle paleo-high structures that restricted the 
amount of accommodation available to the second sequence for infilling (Drake et al., 2013).  
The third sequence deposited between ~86.0 and ~84.6 Ma reflects major stratigraphic 
changes from structural activity within the region (Figure 2.11). Uplifts along pre-Cambrian 
basement shear zones in a SW-NE orientation disturbed the original NW-SE-oriented 
stratigraphic features, reorganizing the depocenters and causing stratigraphic thicks to shift 
laterally and rotate clockwise. Finally, between ~ 84.6 and ~82.2, the fourth sequence was 
deposited with a more pronounced SW-NE-oriented stratigraphic architecture (Figure 2.11). As a 
result, paleo-high structures such as the Wattenberg High and Turkey Creek High are well 
defined by stratigraphic thinning, which is a product of sediment draping over paleoseafloor 
topography (Drake et al., 2013). According to Drake and others (2013), this fourth and final 








       
 
Figure 2.10: Third order cyclostratigraphic packages for Niobrara deposition. Contour interval is 20 ft. Color bar: 0 ft= white; 300 ft 
=dark blue. Yellow lines represent stratigraphic thicks; red lines are thins. Study area (Arapahoe and Adams counties) outlined in 
green. 1) The first sequence of deposition appears to be uniform in thickness and architecture has a slight NW-SE orientation. 2) 
Illustrates the second sequence with variable thickness due to paleohigh structures. Schematic cross-sections for both sequences is 
shown in the center and transect is indicated on maps. Well log (Libsack 42-27) taken from Drake and Hawkin’s (2012) shows the 
cyclocstratigraphic packages correlated to log surfaces. Location of Libsack 42-27 is indicated by red star on map. Modified from 
Drake and Hawkins (2012).
32 
       
 
Figure 2.11: Third order cyclostratigraphic packages for Niobrara deposition. Contour interval is 20 ft. Color bar: 0 ft= white; 300 ft 
=dark blue. Yellow lines represent stratigraphic thicks; red lines are thins. Study area (Arapahoe and Adams counties) outlined in 
green. 3) Third sequence marked the reorganizing of the depocenters, causing stratigraphic thicks to shift laterally and rotate 
clockwise to a SW-NE orientation. 4) Fourth sequence marked by a pronounced SW-NE orientation and marks the end of the Niobrara 
Cyclothem. Schematic cross-sections for both sequences is shown in the center and transect is indicated on maps. Well log (Libsack 
42-27) taken from Drake and Hawkin’s (2012) shows the cyclocstratigraphic packages correlated to log surfaces. Location of Libsack 
42-27 is indicated by red star on map. Modified from Drake and Hawkins (2012). 
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CHAPTER 3  
GEOLOGIC CHARACTERIZATION 
3.1 Overview 
This chapter addresses core, petrographic thin sections, SEM photomicrographs, 
geochemical data, and source rock analyses to characterize the Niobrara Formation. Core 
descriptions highlighting lithology, sedimentary structures, the degree of bioturbation, and the 
presence of microfossils were completed for the Tebo 32-2 core within the Lowry Bombing 
Range (LBR). A primary goal of this project was to constrain the degree of heterogeneity within 
the Niobrara Formation. Vertical chalk-marl heterogeneity occurs at different scales. Chalk and 
marl sections can be observed at the core scale and at the centimeter to millimeter thin section 
scale of individual laminations (e.g., Longman et al., 1998; Michaels and Budd, 2014). In fine-
grained rocks, it is often difficult to quantify visually the proportions of grain sizes and the 
presence of sedimentary features from just core alone. Therefore, core observations were 
integrated with petrographic thin sections and bulk mineralogy to make meaningful observations.  
3.2 Core Observations 
The Tebo 32-2 core was described at about a one-foot scale in terms of lithology, degree 
of bioturbation, sedimentary structures, grain size, pellet abundance, fracture distribution, pyrite 
presence, and fossil presence. The entire stratigraphic section was described for the Tebo 32-2 
core using the mudrock core description scheme (Figure 3.1; Lazar et al., 2015). Each core 
description sheet documents lithology grain size, sedimentary structures, bioturbation index, 
taphonomy, and additional comments on further observations of the core. 
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Figure 3.1: Example of a mudrock core description completed by hand for the Tebo 32-2. This 
description covers ten feet of section. Core sheet shows lithology grain size, sedimentary 
structures, bioturbation index, taphonomy, and additional comments on further observations of 
the core. TS stands for Thin Section taken at a specific depth. 
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3.2.1 Sedimentary Features 
Laminations occur throughout the core as continuous to discontinuous and also as wavy 
to planar (Figure 3.2).  Planar and parallel laminations are thought to result from pelagic to 
hemipelagic sediments settling on the seafloor followed by subsequent compaction of pellets 
(Dellenbach, 2016).  
 
Figure 3.2: Examples of laminations observed in core and thin section. A) Core taken from Tebo 
32-2 at ~7835.5 ft shows faint, wavy to sub-parallel laminations (yellow arrows). Laminations 
can be hard to discern in mudrocks due to the fine-grained lithology. B) Parallel and continuous 
laminations can be observed in thin section (yellow arrows). Thin section from Tebo 32-2 at 
7805.75 ft. 
 
Massive bedding occurred in several zones throughout the core that had no original 
sedimentary structures or discernable trace fossils to be observed. Massive bedding was 
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documented in both chalk and marl benches of the core. According to O’Neal (2015), massive 
bedding can result from: 1) homogeneous bioturbation and no differences in sediment fill; or 2) 
extensive diagenesis where various processes such as dissolution or reprecipitation can destroy 
original sedimentary structures.  
3.2.2 Bioturbation and Microfossils 
Bioturbation is an indication of sedimentation rate, nutrient presence, oxygen level, and 
substrate rheology (Lazar et al., 2015). In mudstones, bioturbation tends to be subtle because 
burrows do not fill or mix the matrix with a different composition and rheology (Lazar et al., 
2015). In addition, burrows are relatively small, typically less than half an inch in length. 
Horizontal burrows tend to be abundant throughout the Niobrara Formation. However, the Fort 
Hays Limestone is rich in both horizontal and vertical burrows. The degree of bioturbation is 
assessed from a 0- to 5-scale, with zero indicating no visible burrows and five meaning that there 
is no remnant bedding (Figure 3.3; Lazar and others (2015). This assessment scale was applied 
and documented for the entire Niobrara interval in the Tebo 32-2 core. A quantitative description 
of variable bioturbation throughout the core was correlated to facies and analyzed for reservoir 
potential. Figure 3.4 shows examples of bioturbated facies in core and thin section. 
Fragmented inoceramids and oyster (Pseudoperna congesta) shells were frequently 
observed throughout the core (Figure 3.5). The orientation of the shell fragments was noted in 
the core descriptions because it can provide clues to the depositional environment. Bedding-
parallel shell fragments are thought to suggest storm-induced sediment-gravity flows or possible 
thermohaline currents that rework sediments during deposition (Dellenbach, 2016).  Most of the 
inoceramids observed in the core are in horizontal orientation. However, some shell fragments 
observed were in a random orientation and could potentially indicate that these shells were 
transported through either debris flows or tempestite deposits (Brugioni, 2017).  
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Figure 3.3: Bioturbation assessment scale used for this study. The degree of bioturbation is 
assessed from a 0- to 5-scale, with zero indicating no visible burrows and five meaning that there 
is no remnant bedding. From Lazar et al. (2015).   
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Figure 3.4: Example of bioturbation from core and thin section. A) Core from the Moran Trust 2-
1 taken from the Fort Hays Limestone shows vertical and horizontal burrows. B) Thin section 
from Tebo 32-2 at 7951.2 ft (C Marl) shows how bioturbation disrupts any original sedimentary 
features.  
 
Figure 3.5: Shell hash interval located in the Tebo 32-2 core at about 7870 ft (top of B2 Marl). 
Large inoceramid fragments range in size from 0.5 cm to nearly an inch wide (yellow arrows). 
Oyster shell fragments (blue arrows) are thin (few millimeters thick) and scattered throughout 
the core. 
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3.2.3 Bentonites 
Bentonites were frequently observed throughout the Tebo 32-2 in core and thin section. 
These altered volcanic ash beds are abundant, thin, and very ductile. Individual bentonites tend 
to fall below the resolution of dipole sonic and gamma-ray wireline logs, but it are easy to 
capture their abundance in core due to their light color compared to the surrounding dark shales 
(Figure 3.6A). This dataset includes ultraviolet (UV) fluorescence photographs, which highlight 
bentonites as bright yellow beds (Figure 3.6B).  Bentonite beds range in thickness from a few 
centimeters thick to two inches in thickness.  As the bentonites lose their thickness and are more 
dispersive, they tend to blend in with the rest of the background sediment, and the contacts are 
not as well defined.  
 
Figure 3.6: UV and WL photo of Tebo 32-2 core at about 7614-7632 ft of core. A) In white light, 
bentonite beds appear as a white, light grey, to a pale greenish grey. B) Bentonites under UV 
light appear as bright yellow beds. 
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Bentonites were originally thought to be associated with volcanic activity during the 
Sevier Orogeny proximal to the orogenic thrust belt located west of the study area (Figure 3.7). 
However, due to recent studies, the distribution of bentonites are now explained to be the result 
of volcanic activity associated with the volcanic arc to the far west such as volcanoes in the 
southern Montana area, which is associated with the subduction zone. These volcanoes did not 
appear to be associated with the orogenic thrust belt. Following a volcanic eruption, ash would 
settle through the water column.  
The morphology of a bentonite bed reflects the dynamics of deposition at the seafloor. 
Planar bentonite beds are thought to be deposited when bottom water currents were absent 
(Dellenbach, 2016). Beds that appear discontinuous or disrupted are believed to be from 
thermohaline bottom currents that winnowed away and therefore redistributed sediments 
(Dellenbach, 2016).  Ash beds can also be disrupted by extensive bioturbation.  
 
 
Figure 3.7: Schematic diagram illustrates the volcanic activity during the Sevier orogenic thrust 
belt located west of study area, which is indicated by the pink triangle. Bentonites observed 
within the Niobrara Formation are thought to be associated with the ashfalls sourced from the 
west. Figure modified from Hattin (1982). 
 
41 
       
3.3 Facies Summary and Descriptions 
Nine facies were identified using core, thin sections, and mineralogical data for this 
study.  Facies were determined and described with two essential factors in mind: 1) depositional 
environment and 2) reservoir potential. It has been postulated that much of the porosity and 
storage capacity in the Niobrara Formation lies within pellet-rich intervals. Coccolith- and 
rhabdolith-rich fecal pellets are thought to be fecal matter from zooplankton such as copepods 
and tunicates that resided in the oxygenated portion of the water column (Hattin, 1975). Pore 
types within pellets are dominantly intraparticle or intercrystalline pores that reside between 
crystals of recrystallized calcite and coccolith debris (Michaels and Budd, 2014). Pellets are also 
thought to maintain their storage capacity during burial because the matter within the pellets 
experiences less compaction than the surrounding the matrix. Therefore, some pellets may 
preserve their depositional porosity compared to the external matrix of the rock (e.g., Aydin, 
2017). Several studies have suggested the significance of pellet abundance within the Niobrara 
Formation for reservoir potential. Therefore, special attention was paid to the distribution and the 
preservation of pellets while describing core. 
 In addition to discerning fabrics and textures throughout the core, mineralogy provided 
the foundation for differentiating chalks and marls. Figure 2.8 defines the difference between 
chalks and marls based on the percentage of carbonate content and the percentage of siliciclastic 
clay and silt. The following facies summary charts provide a brief overview of the nine facies 
with core and thin section photos, XRD pie charts, and porosity and total organic carbon (TOC) 
values provided for each (Figures 3.8-3.10). Subsequent detailed descriptions include defining 
features, sedimentary structures, composition, and reservoir/source rock characteristics for each 
facies.
42 
       
 
Figure 3.8: Facies summary chart of pellet rich facies (Facies 1-3). Chart includes core and thin section photomicrographs, 
mineralogical composition, average porosity from GRI data, and average TOC values.
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Figure 3.9: Facies summary chart of Facies 4-6. Pellet preservation is minimal in these facies. Chart includes core and thin section 
photomicrographs, mineralogical composition, average porosity from GRI data, and average TOC values.
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Figure 3.10: Facies summary chart of the most chalk-rich facies (Facies 7-9). Facies 8 and 9 are chalks and are highly bioturbated. 
Chart includes core and thin section photomicrographs, mineralogical composition, average porosity from GRI data, and average TOC 
values.
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3.3.1 Facies 1: Laminated to massive, light grey pellet-rich marly chalk 
Facies 1 consists of light-colored, carbonate-rich pellets. In core, it is a medium grey 
color and tends to have a speckled appearance (Figure 3.11). Facies 1 lacks sedimentary 
structures and appears to be massively bedded with few laminations. Flattened chalk pellets 
define wavy laminations and appear to align with skeletal fragments and organic material. There 
are about 5-10% micro-fossils concentrated in this facies are either recrystallized foraminifera, or 
Inoceramid and shell fragments. In thin section, Facies 1 is rich in well preserved rounded pellets 
that are pink-stained by alizarin red, indicating calcite-rich composition (Figure 3.12). Elongate 
organic stringers and detrital clay and silt (white flecks) occur in inter-pellet areas. According to 
Dunham's (1962) classification scheme, Facies 1 at a micro-scale would be defined as a 
calcareous pellet packstone to grainstone. Average XRD bulk composition is 79 wt. % calcite, 8 
wt. % quartz, 8 wt. % clay, and 5 wt. % other (pyrite, marcasite, or plagioclase). This is a 
reservoir facies with an average core-based porosity of 7.9 %.  
 
Figure 3.11: Examples of Facies 1 at the core and thin section scale. A) Facies 1 at core scale is 
light grey, speckled, and is characterized to planar continuous to discontinuous laminations 
(yellow arrows). B) At thin section scale, Facies 1 is light in color, speckled, and faintly 
laminated (yellow arrows). Speckles most likely from carbonate rich pellets. Thin section from 
Tebo 32-2 at 7791.50 ft. 
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Figure 3.12: Thin section photomicrographs of Facies 1 taken from Tebo 32-2 at 7791.50 ft (B1 
Chalk).  A) PPL photomicrograph at 50x shows well-preserved pellets. Pellets are light colored 
and ellipsoidal in shape. Few recrystallized forams observed. Scale bar represents 0.40 mm. B) 
Photomicrograph at 200x zooms in on the light colored pellets. Some pellets appear to be more 
compacted. Siliciclastic silt grains and pyrite framboids occur in matrix (blue arrow). Scale bar 
represents 0.10 mm. 
 
3.3.2 Facies 2: Laminated to massive, dark grey pellet-rich marly chalk 
Similar to Facies 1, Facies 2 is also rich in well-preserved pellets, but pellets in this facies 
are darker in color. In core, Facies 2 appears to be dark grey and speckled under a hand lens due 
to pellets and/or foraminifera (Figure 3.13). This facies appears to be primarily massively 
bedded, as it lacks sedimentary structures and evidence for bioturbation. Dispersed laminations 
occur throughout as wavy lamina with dark grey organic-rich layers. In thin section, Facies 2 is 
rich in well preserved dark brown colored pellets (Figure 3.14). Pellets are round and elongate in 
shape. Pyrite framboids are evenly scattered throughout the sample. Forams appear to be 
recrystallized. Dark, flattened organic matter and white silt grains are scattered throughout the 
matrix. Facies 2 contains about 5-10% of recrystallized forams, and few inoceramid fragments 
are prevalent. According to Dunham's (1962) classification scheme, Facies 2 at a micro-scale 
would be defined as a calcareous pellet packstone to grainstone. Average XRD bulk composition 
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is 73 wt. % calcite, 11 wt. % quartz, 11 wt. % clay, and 5 wt. % other (pyrite, marcasite, or 
plagioclase). Facies 2 is a potential reservoir facies with an average core-based porosity of 6.9 %. 
This facies has relatively high TOC values with an average TOC of 2.82 wt. %. 
 
 
Figure 3.13: Examples of Facies 2 at the core and thin section scale. A) Facies 2 at core scale is 
dark grey, speckled, and is characterized to planar and/or wavy continuous to discontinuous 
laminations (yellow arrows). Core is taken from Tebo 32-2 at 7805 ft (B1 Chalk). B) At thin 
section scale, Facies 2 is dark grey in color, speckled, and faintly laminated (yellow arrows). 
Speckles are most likely from carbonate rich pellets or foraminifera. Thin section from Tebo 32-






       
 
Figure 3.14: Thin section photomicrographs of Facies 2 taken from Tebo 32-2 at 7802.75 ft (B1 
Chalk).  A) PPL photomicrograph at 50x shows well-preserved pellets. Pellets are dark colored 
and ellipsoidal in shape. Few recrystallized forams observed. Scale bar represents 0.40 mm. B) 
Photomicrograph at 200x zooms in to pellets. Some pellets appear to be more compacted. 
Siliciclastic silt grains and pyrite framboids occur in matrix (blue arrow). Scale bar represents 
0.10 mm. 
 
3.3.3 Facies 3: Laminated to massive, well-preserved pellet-dominated chalky marl 
Similar to Facies 1 and 2, Facies 3 is also dominated by well-preserved pellets but is 
characterized by an increase in siliciclastic material within the matrix. In core, this facies is dark 
grey and appears to be massive to finely laminated (Figure 3.15). No forams were observed in 
core. In thin section, the well-preserved pellets are surrounded by a detrital matrix that is rich in 
clay and silt grains (Figure 3.16). Dark brown stringers appear to be organic matter. Pyrite 
framboids appear to be sporadic throughout thin section. Facies 3 contains about 0-5% forams. 
According to Dunham’s (1962) classification scheme, Facies 3 would be defined as a calcareous 
pellet wackestone. Average XRD bulk composition is 73 wt. % calcite, 11 wt. % quartz, 11 wt. 
% clay, and 5 wt. % other (pyrite, marcasite, or plagioclase). Reservoir potential is low to 
moderate with an average core-based porosity of 6.8 %. Pellets tend to have higher porosity, but 
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surrounding siliciclastic matrix is tight, and, therefore, permeability is low.  The average TOC 
value for Facies is relatively high at 2.92 wt. %.  
 
Figure 3.15: Examples of Facies 3 at the core and thin section scale. A) Facies 3 at core scale is 
dark grey and laminations are difficult to discern. Core is taken from Tebo 32-2 at 7825.50 ft (B1 
Marl). B) At thin section scale, Facies 3 is characterized by planar continuous laminations 
(yellow arrows). Thin section from Tebo 32-2 at 7820.35 ft (B1 Marl). 
 
Figure 3.16: Thin section photomicrographs of Facies 3 taken from Tebo 32-2 at 7820.35 ft (B1 
Marl).  A) PPL photomicrograph at 50x shows well-preserved pellets within a siliciclastic 
matrix. Pellets are dark colored and ellipsoidal in shape. Scale bar represents 0.40 mm. B) 
Photomicrograph at 200x zooms in pellets. Some pellets appear to be more compacted. 
Siliciclastic silt grains and pyrite framboids occur in matrix (blue arrow). Organic matter 
stringers are indicated by green arrows. Scale bar represents 0.10 mm. 
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3.3.4 Facies 4: Laminated to wavy, low preserved dark grey pelleted chalky marl   
Facies 4 has low preservation in pellets due to bioturbation and is characterized to have 
higher clay content. In core, Facies 4 is a dark grey color. Bioturbation is low to moderate and 
sedimentary structures include discontinuous to continuous wavy laminations (Figure 3.17). A 
few broken-up inoceramid fragments were observed at a horizontal orientation in the core, along 
with small authigenic pyrite concretions. At thin section scale, Facies 4 is dark colored with low 
preserved pellets (Figure 3.18). Stylolites are present in thin section. The matrix appears to be 
composed of clay and moderate amounts of micrite. Overall, Facies 4 contains about 15-30% 
forams, and forams appear to be infilled with calcite spar. Average XRD bulk composition is 74 
wt. % calcite, 10 wt. % quartz, 10 wt. % clay, and 6 wt. % other (pyrite, marcasite, or 
plagioclase). Reservoir potential is low with an average core-based porosity of 6.1 %. 
 
Figure 3.17: Examples of Facies 4 at the core and thin section scale. A) Facies 4 at core scale is 
dark grey and laminations are difficult to discern (yellow arrow). Core is taken from Tebo 32-2 
at 7845.55 ft (B2 Chalk). B) At thin section scale, Facies 4 is characterized by planar continuous 
to discontinuous laminations (yellow arrows). Thin section from Tebo 32-2 at 7842.75 ft (B2 
Chalk). 
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Figure 3.18: Thin section photomicrographs of Facies 4 taken from Tebo 32-2 at 7842.75 ft (B2 
Chalk).  A) PPL photomicrograph at 50x shows low preservation of dark pellets. There is a 
greater abundance of foraminifera. Scale bar represents 0.40 mm. B) Photomicrograph at 200x 
zooms in on compacted pellets. Siliciclastic silt grains and pyrite framboids are abundant in 
micritic matrix (blue arrows). Organic matter stringers or potential styolites are indicated by 
green arrows. Scale bar represents 0.10 mm. 
 
3.3.5 Facies 5: Bioturbated to laminated, foram-rich, light grey marly chalk 
Facies 5 is carbonate-rich and has low preservation of pellets. In core, Facies 5 is 
characterized by a light grey color (Figure 3.19). The cores have a speckled appearance due to 
the presence of forams. Sporadic bentonite beds and shell hash layers also occur throughout the 
core. Most of Facies 5 lacks sedimentary structures due to medium to high bioturbation, but few 
areas contain discontinuous to continuous laminations. Minor clay drapes are observed in core. 
In thin section, chalk pellets are difficult to distinguish from the micritic inter-pelleted matrix 
(Figure 3.20). A few stylolites appear to be concentrated in organic matter, and there are about 
20-30% forams concentrated in the samples. The matrix appears to be dominated by micrite. 
Average XRD bulk composition is 84 wt. % calcite, 6 wt. % quartz, 6 wt. % clay, and 4 wt. % 
other (pyrite, marcasite, or plagioclase). Facies 5 appears to have moderate reservoir potential 
with an average core-based porosity of 6.9 %.  
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Figure 3.19: Examples of Facies 5 at the core and thin section scale. A) Facies 5 at core scale is 
light grey with no apparent sedimentary structures due to bioturbation (yellow arrows). Core is 
taken from Tebo 32-2 at 7838 ft (B2 Chalk). B) At thin section scale, Facies 5 is light colored 




Figure 3.20: Thin section photomicrographs of Facies 5 taken from Tebo 32-2 at 7899.10 ft (B2 
Marl).  A) PPL photomicrograph at 50x shows low preservation no pellets and matrix is light in 
color. There is a greater abundance of foraminifera. Scale bar represents 0.40 mm. B) 
Photomicrograph at 200x shows some faint colored and compacted pellets (blue arrow). 
Recrystallized foraminifera occur throughout (yellow arrows). Scale bar represents 0.10 mm. 
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3.3.6 Facies 6: Massive to laminated, foram-rich marl 
Facies 6 is the most clay- and organic-rich out of all the facies. In core, Facies 6 is dark 
grey and speckled by abundant forams. This facies tends to be either laminated or massively 
bedded. Planar laminations occur as either continuous or discontinuous laminations (Figure 
3.21). Overall, bioturbation is absent to low. Sporadic bentonite beds, pyrite nodules, and shell 
hash layers were observed in the core. At the thin section scale, this facies is a dark brown color 
and has low to moderate preservation of pellets (Figure 3.22). Elongate organic stringers occur in 
inter-pelleted areas. The inter-pelleted areas are filled with matrix that appears to be rich in 
detrital clay, moderate quartz, and silt grains. There are roughly 15-30% forams concentrated in 
the matrix. Facies 6 is characterized by an increase clay content, with an average XRD bulk 
composition of 56 wt. % calcite, 16 wt. % quartz, 22 wt. % clay, and 6 wt. % other (pyrite, 
marcasite, or plagioclase).  Dunham’s (1962) classification scheme would categorize Facies 6 as 
a foram-dominated wackestone to mudstone.  Facies 6 could potentially serve as source rock and 
has the highest TOC values compared to the other facies with an average TOC of 3.13 wt. %.  
 
Figure 3.21: Examples of Facies 6 at the core and thin section scale. A) Facies 6 at core scale is 
dark grey and is characterized by faint, wavy laminations (yellow arrows). Core is taken from 
Moran Trust at 7807 ft (D Marl). B) At thin section scale, Facies 6 is speckled from forams and 
laminated (yellow arrows). Thin section from Tebo 32-2 at 7892 ft (B2 Marl). 
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Figure 3.22: Thin section photomicrographs of Facies 6 taken from Tebo 32-2 at 7892.15 ft (B2 
Marl).  A) PPL photomicrograph at 50x shows low preservation no pellets and matrix. There is a 
greater abundance of foraminifera. Scale bar represents 0.40 mm. B) Photomicrograph at 200x 
shows some dark colored, compacted pellets (outlined in yellow). Recrystallized foraminifera 
and pyrite framboids are abundant (blue arrows). Scale bar represents 0.10 mm. 
 
3.3.7 Facies 7: Foram-inoceramid-dominated marly chalk 
Facies 7 is the richest in micro-fossils and is the easiest facies to distinguish in core. At a 
macro-scale, Facies 7 is medium grey colored core and has a speckled appearance due to the 
abundance of forams and micro-fossils. Sedimentary structures include wavy to discontinuous 
laminations, and there are sporadic bentonite beds. The most distinctive feature of Facies 7 is the 
high concentration of shell material. Large inoceramid fragments are randomly oriented in the 
core. Some oyster shells that were observed were in a concave down position (Figure 3.23). 
Overall, this facies is moderately bioturbated. In thin section, Facies 7 is dominated by about 80-
90% foraminifera (Figure 3.24). Inoceramid fragments and oyster shells have also been 
described. No pellets were observed in this facies.  At a micro-scale, Dunham (1962) would 
classify this facies as a skeletal calcareous wackestone to packstone. Average XRD bulk 
composition is 88 wt. % calcite, 5 wt. % quartz, 5 wt. % clay, and 2 wt. % other (pyrite). Facies 
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7 appears to have very low reservoir potential with an average core-based porosity of 5.1 %. 
TOC is also low as 1.56 wt. %.  
 
Figure 3.23: Examples of Facies 7 at the core and thin section scale. A) Facies 7 at core scale is 
light colored due to the abundance of skeletal material bioturbation. Inoceramid fragments 
(yellow arrows) and oyster shell fragments (blue arrows) dominate the core. Core is taken from 
Moran Trust 2-1 at 7696 ft (B2 Chalk). B) At thin section scale, Facies 7 is light colored due to 
the high abundance of forams and oyster shell fragments (blue arrows). Thin section from Tebo 
32-2 at 7869.50 ft (B2 Marl). 
 
 
Figure 3.24: Thin section photomicrographs of Facies 7 taken from Tebo 32-2 at 7869.50 ft (B2 
Marl).  A) PPL photomicrograph at 50x shows great abundance of foraminifera and oyster shell 
fragments. Scale bar represents 0.40 mm. B) Photomicrograph at 200x zooms in on the 
recrystallized foraminifera and pyrite framboids (blue arrows). Scale bar represents 0.10 mm. 
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3.3.8 Facies 8: Bioturbated, foram-rich grey chalk 
Facies 8 is a bioturbated chalk that is rich in forams. At a macro-scale, this facies is light 
to medium grey (Figure 3.25). No sedimentary structures were observed because this facies is 
highly bioturbated by horizontal burrows.  This facies includes no preserved pellets. In thin 
section, Facies 8 is light colored and speckled because it is dominated by about 50-60% forams 
(Figure 3.26). Forams appear to be recrystallized, and pyrite framboids are abundant within 
forams. Burrows are also noticeable in thin section, and the sediment appears churned. Average 
XRD bulk composition is 94 wt. % calcite, 3 wt. % quartz, 1 wt. % clay, and 2 wt. % other 
(pyrite). Facies 8 could potentially serve as a reservoir with an average core-based porosity of 
7.9 %. Facies is characterized by notably low TOCs with an average TOC value of 1.67 wt. %.  
 
 
Figure 3.25: Examples of Facies 8 at the core and thin section scale. A) Facies 8 at core scale is a 
light grey color and is highly bioturbated with horizontal burrows (yellow arrows). Core is taken 
from Moran Trust 2-1 at 7735 ft (C Chalk). B) At thin section scale, Facies 8 is speckled due to 
abundant forams and oyster shell fragments (blue arrows). No sedimentary structures observed 
due to burrows (yellow arrows). Thin section from Tebo 32-2 at 7912.70 ft (C Chalk). 
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Figure 3.26: Thin section photomicrographs of Facies 8 taken from Tebo 32-2 at 7912.70 ft (C 
Chalk).  A) PPL photomicrograph at 50x shows great abundance of foraminifera (yellow 
arrows). Scale bar represents 0.40 mm. B) Photomicrograph at 200x zooms in on the 
recrystallized foraminifera and pyrite framboids (yellow arrows). Few organic matter stringers 
observed (blue arrow). Scale bar represents 0.10 mm. 
 
3.3.9 Facies 9: Bioturbated, foram-rich chalk (Fort Hays Limestone) 
Facies 9 is the Fort Hays Limestone and is characterized as being heavily bioturbated and 
chalk-rich. It is similar in composition to Facies 8, but is more cemented and has lower porosity. 
In core, Facies 9 is light grey (Figure 3.27). It is the lightest colored and purest chalk facies of 
the Niobrara Formation. No sedimentary structures were observed due to the heavy bioturbation. 
Bioturbation in Facies 9 differs from the bioturbation observed in the other facies. Burrows tend 
to vary from horizontal to vertical burrows and are larger in diameter. Inoceramids and oyster 
shells are abundant and tend to be less than a half inch in thickness. In thin section, this facies is 
light colored and dominated with about 60-70% forms (Figure 3.28). Facies 9 also appears to be 
heavily cemented, which is evidenced by the presence of stylolites.  At a micro-scale, Dunham 
(1962) classification scheme would classify this facies as a foram, skeletal-rich lime wackestone. 
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Average XRD bulk composition is 95 wt. % calcite, 2 wt. % quartz, 2 wt. % clay, and 1 wt. % 
other (pyrite). Low reservoir potential with an average core-based porosity of 5.1 %. 
 
 
Figure 3.27: Examples of Facies 9 at the core and thin section scale. A) Facies 9 at core scale is 
light colored and highly bioturbated.  Core is taken from Moran Trust2-1 at 7876 ft (Fort Hays 
Limestone). Both vertical and horizontal burrows are apparent (yellow arrows). B) At thin 
section scale, Facies 9 is light colored, structureless and includes about 40-50% abundant forams 
(blue arrows). Thin section from Tebo 32-2 at 7956 ft (Fort Hays Limestone). 
 
Figure 3.28: Thin section photomicrographs of Facies 9 taken from Tebo 32-2 at 7956 ft (Fort 
Hays Limestone).  A) PPL photomicrograph at 50x shows great abundance of foraminifera 
(yellow arrows). Light color because it is carbonate rich. Scale bar represents 0.40 mm. B) 
Photomicrograph at 200x zooms in on the recrystallized foraminifera and pyrite framboids 
(yellow arrows). Scale bar represents 0.10 mm. 
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3.4 Facies Distributions 
Facies were thoroughly documented for the full extent of Niobrara stratigraphic unit in 
the Tebo 32-2 core. The Moran Trust 2-1 was also described in full detail, and facies were 
characterized from the top of the A Chalk down to the middle portion of the D Marl. Thin 
sections were not prepared for the bottom half of the D Marl to the base of the Fort Hays 
Limestone. Because this study’s methodology for classifying facies relies heavily on thin 
sections and mineralogy to guide core interpretations, facies were not classified for intervals 
missing thin sections. In addition, thin sections were not prepared for the SOC 36-1 core, so 
facies were not classified for this well.  
Figure 3.29 shows the facies distribution in the Tebo 32-2 and the Moran Trust 2-1. In 
both wells, it appears that the pelleted-rich facies (Facies 1, 2, and 3) are located near the top 
third of the wells (from the A Chalk down to the base of the B Marl). The B Marl is composed of 
primarily Facies 3, which is a laminated to massive, well- preserved pellet-dominated chalky 
marl.  
 From the top of the B2 Chalk down to parts of the C Marl and the entire Fort Hays is 
composed of bioturbated, chalk-rich facies (Facies 5, 8, and 9). It appears that bioturbation 
ceased after the deposition of the B2 Chalk. In addition, Facies 7, which is described as a foram-
inoceramid-dominated marly chalk, was only observed at the top of the B2 Marl in both wells. 
The D Marl in both wells appeared to be primarily composed of Facies 6, which is a massive to 
laminated foram-rich marl.  
To address some potential reasons for the distinct facies distribution observed in the Tebo 
32-2 and the Moran Trust 2-1 cores, bulk mineralogy and elemental data were integrated, which 
will be discussed in the subsequent chapters. 
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Figure 3.29: Shows distribution of core facies in Tebo 32-2 and Moran Trust 2-1. Top of A Chalk structure map serves as a reference 
for well location. In general, pellet-rich facies are abundant at the top of the Niobrara Formation, particularly in the A Chalk, A Marl, 
B1 Chalk, and B1 Marl. The B2 Chalk down to parts of the C Marl and the entire Fort Hays is composed of bioturbated, chalk-rich 
facies.  
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3.5 Composition 
X-ray diffraction (XRD) mineralogy and x-ray fluorescence, and (XRF) elemental data 
provide quantitative and qualitative descriptions of composition for each facies observed in core.  
These descriptions describe the physical heterogeneity of each facies that makes up the Niobrara 
Formation. 
3.5.1 Mineralogy 
XRD analysis quantifies and describes the mineralogy found in a given section. The 
distribution of mineralogy reflects the depositional environment and the subsequent diagenetic 
overprints. XRD data was provided for all three COP wells (Tebo 32-2, Moran Trust 2-1, and 
SOC 36-1). All cores were extensively sampled with the Tebo 32-2 including readings measured 
at every one to three feet, the Moran Trust 2-1 was sampled at every three feet, and the SOC 36-
1 was recorded at about every three feet of core. Figures 3.30-3.32 show the XRD mineralogy 
curves and how various minerals correspond to Niobrara stratigraphy. In general, marl benches 
have an increase in siliciclastic, pyrite, and clay minerals. Chalks have an increase in carbonate, 
which includes calcite and dolomite mineralogy. Within some chalk benches, carbonate 
mineralogy can get as high as 96 wt. % of carbonate, especially in sections of the Fort Hays 
Limestone.   
Bulk mineralogy was observed at the facies scale for the Tebo 32-2 and Moran 2-1 cores. 
Figure 3.33 is a ternary diagram that plots the bulk mineralogy colored by facies groups for both 
wells. Figures 3.34-3.36 distinguishes the mineralogy for each separate facies.  As expected, 
carbonate content is highest for the chalk-rich facies. Conversely, marl-dominated facies increase 
abundance in siliciclastic material and therefore show an increase in clay and quartz.  Clay was 
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dominantly composed of illite, smectite, and chlorite. Chlorite was only observed in minimal 
amounts of the analyzed samples. 
 










Figure 3.31: XRD mineralogy compared to core and facies descriptions for Moran Trust 2-1 
core. 
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Figure 3.33: Ternary diagrams of bulk mineralogy for XRD data collected for Tebo 32-2 
(circles) and Moran Trust 2-1 (triangles). Colors represent the facies characterized for the cores. 
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Figure 3.34: Ternary diagrams of bulk mineralogy for Facies 1, Facies 2, and Facies 3 (pellet-
rich facies). XRD from Tebo 32-2 and Moran Trust 2-1. Cl = Clay, Q = Quartz, and C = 
Carbonate. All three facies are rich in carbonate. 
 
Figure 3.35: Ternary diagrams of bulk mineralogy for Facies 4, Facies 5, and Facies 6 (minimal 
preservation of pellets). Cl = Clay, Q = Quartz, and C = Carbonate. Facies 6 is a marl-rich facies 
and has an increase in clay and quartz. 
 
Figure 3.36: Ternary diagrams of bulk mineralogy for Facies 7, Facies 8, and Facies 9 (chalk-
rich facies and highly bioturbated. Cl = Clay, Q = Quartz, and C = Carbonate. Compared to the 




       
3.5.2 Elemental Geochemistry 
Elemental geochemistry provides the foundation for constraining sedimentary character, 
paleo-productivity, and depositional environment of the fine-grained mudrocks characterized in 
the Niobrara Formation. In addition, detrital sediment provenance, diagenesis, paleoredox 
conditions, and the potential of organic matter preservation can be inferred from elemental 
chemostratigraphy. Elemental characterization can be plotted against facies core descriptions to 
provide insight on the degree of heterogeneity at a molecular scale. Research conducted from 
Elghonimy (2015), O’Neal (2015), and Durkee (2016) divided up elemental signatures and ratios 
into five categories to further characterize the Niobrara Formation. The following categories 
were applied to this study:  
1. Detrital indicators: Aluminum (Al), titanium (Ti), potassium (K), and silicon (Si). 
Elements are associated with terrigenous minerals such as clays, feldspars, and quartz 
(O’Neal, 2015). Aluminum is often used as a detrital or terrestrial proxy due to its 
abundance in clay minerals and other siliciclastics (e.g. Arthur and Dean, 1991; O’Neal, 
2015). In the Niobrara Formation, Al would be sourced from either a terrestrial 
provenance or bentonites (O’Neal, 2015). 
2. Carbonate indicators: Calcium (Ca), manganese (Mn), and strontium (Sr). Elements are 
associated with carbonate productivity and subsequent diagenesis (Durkee, 2016). 
3. Redox-sensitive indicators: Vanadium (V), molybdenum (Mo), uranium (U), and 
chromium (Cr) change with varying dissolved oxygen levels. These elements suggest 
paleo-oxygen content of the WIS during deposition and redox conditions. This 
contributes to the understanding of the preservation and distribution of organic carbon 
(O’Neal, 2015). V and Mo are proxies for benthic redox in bottom water and pore water 
at the time of lithification (Piper, 1994; Ratcliffe et al., 2012; Sageman and Lyons, 2003).  
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4. Organophilic indicators: Copper (Cu), chromium (Cr), nickel (Ni), zinc (Zn), and (Se) 
tend to be enriched in organic molecules and therefore are indicators of 
paleoproductivity. Furthermore, Zn can serve as a proxy for paleonutrient levels.  
5. Euxinia Proxies: Euxinia is a geochemical condition where anoxia has evolved through 
sulfogenic microbial proliferation to waters with a toxic concentration of hydrogen 
sulfide.  Euxinia proxies include iron (Fe)/aluminum (Al) ratios and selenium (Se). 
Typically, Fe is introduced in an oceanic system via detrital sources, which could then be 
expected to mimic detrital indicators such as Al. When Fe is going through authigenic 
enrichment in anoxic and euxinic conditions, Fe is dissolved and reduced, which 
separates the element from detrital Al, and therefore enriches the system with Fe in 
respect to Al. In result, high iron (Fe)/aluminum (Al) are proxies for euxinic conditions 
(Meyer and Kump, 2008; O’Neal 2015). Selenium behaves similarly to sulfur (S) in the 
way that it can be substituted for S in pyrite as it precipitates out of the water column in 
euxinic conditions. Therefore, Se can serve as a strong proxy for euxinic environments, 
and it tends to correlate with higher TOC (O’Neal, 2015).  
XRF data was not extensively sampled for the Tebo 32-2 and was only accounted for the top 
half of the core. Therefore, meaningful observations of elemental correlations tied to facies core 
descriptions could not be made for this well. However, thorough elemental characterization was 
completed for the Moran Trust 2-1 and was sampled at every foot of core. Because the three 
COP wells are in close proximity to one another, elemental observations can be extrapolated out 
from the Moran Trust 2-1. The SOC 36-1 also includes XRF data, which recorded at every foot 
of the Niobrara Formation from the top of the A Chalk down to the base of the D Marl. 
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Chemostratigraphic correlations made from SOC 36-1 can add supplemental observations that 
can be added to the overall Niobrara stratigraphy.  
3.5.3 Moran Trust 2-1 Chemostratigraphy 
Elemental geochemistry of the Moran Trust 2-1 core corresponds to the lithologic 
interpretations made from petrographic descriptions. Figure 3.37 displays the detrital indicators 
plotted against the core facies description and Niobrara stratigraphy. Detrital indicators (Al, Ti, 
K, and Si) appear to be the highest in the marl benches of the Niobrara Formation. The C Marl 
down to the base of the D Marl appears to have the highest and most consistent amount of 
detrital proxies compared to the rest of the core. The Ti/Al ratio is a grain size proxy, and it is 
highest in the chalk-rich portions of the core. The facies with the highest concentration of detrital 
proxies is Facies 3 (laminated to massive, well-preserved pellet-dominated chalky marl), Facies 
4 (laminated to wavy, low preserved dark grey pelleted chalky marl), and Facies 6 (massive to 
laminated foram-rich marl).  
Carbonate indicators in Figure 3.38 show that most of the Niobrara Formation is enriched 
in Ca (>200,000 ppm). However, there is a noticeable decrease in Ca throughout the extent of the 
D Marl. Sr is highest in the A Chalk, the B2 Chalk, the C Chalk, and the Fort Hays Limestone. 
Peak Sr levels are within the C Chalk with the highest concentration value of 2,540 ppm. Mn 
concentrations are highest in the D marl and Fort Hays Limestone, and there is a steadily decline 
for the rest of the benches in the Niobrara Formation. The facies with the highest carbonate 
indicators are Facies 1 (laminated to massive light grey pellet-rich marly chalk), Facies 5 
(bioturbated to laminated foram-rich, light grey marly chalk), Facies 7 (foram-inoceramid-
dominated marly chalk), Facies 8 (bioturbated, foram-rich grey chalk, and presumably Facies 9 
(bioturbated, foram-rich chalk).  
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Redox-sensitive, organophilic, and euxinic indicators are plotted against Niobrara 
stratigraphy and the corresponding facies in Figure 3.39. Besides the D Marl, the marl intervals 
are the most enriched in V, Mo, and U compared to the chalk benches. The D Marl appears to be 
depleted in redox-sensitive elements. Within the C Marl, at about 7,760 feet, there is a dramatic 
spike in all the elements that also seems to relate to a spike in TOC.  
 
Figure 3.37: Elemental data for detrital indicators (Al, Ti, K, Si, Ti/Al) are plotted against 
Niobrara stratigraphy and core facies classification for Moran Trust 2-1. Elemental 








Figure 3.38: Elemental data for carbonate indicators (Ca, Sr, and Mn) are plotted against 
Niobrara stratigraphy and core facies classification for Moran Trust 2-1. Elemental 
concentrations are in parts per million (ppm).  
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Figure 3.39: Elemental data for redox sensitive indicators (V, Mo, U, and Cr), organophilic indicators (Cr, Ni, Cu, Zn, and Se), and 
euxinia indicators (Se and Fe/Al) are plotted against Niobrara stratigraphy and core facies classification for Moran Trust 2-1.  TOC is 
also plotted to indicate where there are potential organic-rich zones. Elemental concentrations are in parts per million (ppm). Red 
arrows indicate intervals with the high concentrations of all elements and high TOC.
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3.5.4 SOC 36-1 Chemostratigraphy 
Chemostratigraphic correlations were also observed in the SOC 36-1 core. The SOC 36-1 
includes XRF measurements from the top of the A Chalk down to the base of the D Marl. XRF 
data was not acquired for the Fort Hays Limestone interval in this well. Despite that facies 
classification scheme could not be applied to this well, the general trends of XRF data can be 
correlated to individual benches of the Niobrara Formation and then compared to trends 
observed in the Moran Trust 2-1.  
Similar to observations made from the Moran Trust 2-1, detrital indicators are most 
abundant in the marl benches of the Niobrara formation. Carbonate indicators (Ca and Sr) were 
highest in the chalk lithologies and would decrease in marly intervals. Ca content is consistent 
through most of the Niobrara stratigraphy but there is an abrupt decline in Ca in the B2 Marl at 
depths of 7,288-7,304 feet. This observation was not noted in the Moran Trust 2-1. Ca 
concentration drops as low as 176,232 ppm at the base of the B2 Marl and immediately shifts 
back up to 381,517 ppm at the top of the C Chalk, a drastic shift in a matter of two feet of core. 
Mn is highest in the Fort Hays Limestone and continually decreases through the D Marl. By the 
start of the C Marl, Mn concentrations are nearly zero and remain low throughout the rest of the 
core.  
In the SOC 36-1, spikes in redox-sensitive, organophilic, and euxinia elements occurred 
in the C Chalk. These spikes also seemed to correspond with the highest TOC levels observed in 
the core with the highest TOC value in the SOC 36-1 of 8.6 wt. %. Other significant spikes in 
these elements occur in the C Marl and the A Chalk, but surges of elements in the A Chalk do 









Figure 3.41: Elemental data for detrital indicators (Al, Ti, K, Si, Ti/Al) are plotted against 
Niobrara stratigraphy and core facies classification for SOC 36-1. Elemental concentrations are 
in parts per million (ppm). Areas with abundant detrital elements are outlined in brown. 
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Figure 3.40: Elemental data for carbonate indicators (Ca, Sr, and Mn) are plotted against 
Niobrara stratigraphy and core facies classification for the SOC 36-1. Elemental concentrations 
are in parts per million (ppm). 
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Figure 3.41: Elemental data for redox sensitive indicators (V, Mo, U, and Cr), organophilic indicators (Cr, Ni, Cu, Zn, and Se), and 
euxinia indicators (Se and Fe/Al) are plotted against Niobrara stratigraphy and core facies classification for SOC 36-1.  TOC is also 
plotted to indicate where there are potential organic-rich zones. Elemental concentrations are in parts per million (ppm). Red arrows 
indicate intervals with the high concentrations of all elements and high TOC.
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3.5.5  Moran Trust 2-1 and SOC 36-1 Chemostratigraphy Interpretations 
Concentrations of detrital elements (Al, Ti, and K) are consistently higher in marl 
benches for both the Moran Trust 2-1 and the SOC 36-1. Ca and Sr are associated with carbonate 
content and were highest within the chalk intervals of the Niobrara Formation. Intervals with Ca 
concentration over 350,000 ppm correspond to periods of limited detrital input (O’Neal, 2015). 
Strong increases of Ca throughout the chalk intervals are likely depositional and associated with 
an increase of coccolith productivity. Increases in Sr in the C Chalk and B2 Chalk are likely 
related to an influx of aragonitic allochems (primarily bivalves) during deposition (O’Neal, 
2015).  
In the Moran Trust, spikes in redox-sensitive, organophilic, and euxinia elements 
occurred in the C Marl. In the SOC 36-1, this increase in the same elements was observed in the 
C Chalk. These spikes also seemed to correspond with the highest TOC levels observed in the 
core with the highest TOC value in the Moran Trust 2-1 of 5.9 wt. % and 8.6 wt. % in the SOC 
36-1.  These zones correspond to what is known as the “OAE3” within the Niobrara Formation, 
which is the most organic-rich interval. OAE stands for Oceanic Anoxic Event and is 
characterized in core by an abrupt increase in TOC and corresponding trace indicators for anoxia 
(Lowery et al., 2017). According to Lowery and others (2017), the OAE3 represents when 
oxygen levels sharply shifted to anoxia in the WIS and affected the water column. 
Anoxic indicators appear to decrease at intervals with increased productivity and a shift 
in biota. At depths of 7695-7700 feet in the Moran Trust, the core classified as Facies 7 (foram-
inoceramid-dominated marly chalk) and is marked by an immediate drop in all redox-sensitive, 
organophillic, and euxinia elements. This suggests the paleo-environment had a brief period of 
being well-oxygenated to allow organisms to live. 
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Areas of extensive bioturbation, particularly within the B2 Chalk, C Chalk, and the Fort 
Hays Limestone, had a notably significant decrease in redox-sensitive, organophillic, and euxinia 
proxies. These bioturbated intervals also corresponded to decreases in TOC. According to 
Nakamura (2015), Mo and V correlate to bioturbation with increasing bioturbation correlating to 
lower concentrations of Mo and V. In the Moran Trust 2-1, Mo and V were relatively low in 
facies characterized by bioturbation. Mn can also be a strong indicator for bioturbation. The 
Moran Trust 2-1 shows enrichment of Mn in the Fort Hays Limestone and at the base of the D 
Marl. Mn tends to precipitate under oxic conditions and is high in Fort Hays Limestone, but 
rapidly decreases at the deposition on the D Marl, which suggests that the oceanic conditions 
were oxic but switched to suboxic during the deposition of the D Marl. Throughout the rest of 
the Smoky Hill Member, Mn values nearly approach zero.  
3.6 Discussion on Depositional Implications  
The distribution of facies observed in the Tebo 32-2 and Moran Trust 2-1 revealed that 
the facies with the well-preserved pellets were located in the top portion of the Niobrara 
Formation. From the B1 Marl down to the Fort Hays, the preservation of pellets reduces as facies 
became more bioturbated and concentrated in siliciclastic material. The reason for such a 
dramatic shift in facies is largely attributed to the type of depositional environment and clastic 
dilution in intervals including the C zone.  
Pellets are thought to be deposited during frequent, episodic coccoliths blooms in the 
Western Interior Seaway (Lopez, 2018). Towards the top of the Niobrara Formation, the facies 
are dominantly rich in calcareous pellets, have low to medium detrital content, and lack 
bioturbation. These facies are generally associated with periods of maximum transgression 
events or increasing relative sea-levels. During transgressive periods, siliciclastic material were 
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restricted to the western portion of the basin, which reduced clastic dilution (Dellenbach, 2016). 
In addition, sea-level was high and warm waters circulating into the basin from the ancestral 
Gulf of Mexico facilitated carbonate production (Kauffman and Caldwell, 1993; (Longman et 
al., 1998). 
Bioturbated facies were primarily observed in the B2 Chalk, the top portion of the B2 
Marl, the Chalk, the top portion of the C Marl, and in the Fort Hays Limestone. Burrowing in the 
substrate suggests oxygenated conditions within the burrowing zone. Burrowing is thought to 
occur during periods of vertical circulation of seaway waters, which allows for oxygen to be 
dispersed to sediment surface and for benthic organisms to bioturbate and disturb the sediment 
(Lopez, 2018). Conversely, periods of low to no vertical mixing have a stratified water column 
with periods of dysoxic to anoxic bottom-water conditions that prevent bioturbation. Therefore, 
sediment in these conditions tends to have preserved pellets, structural laminations, and organic 
matter.  
The most organic-rich interval in the core was observed in the C Marl of the Moran Trust 
2-1 and the C Chalk interval of the SOC 36-1. These organic-rich intervals are known as the 
“OAE3” zones, which has been associated with bottom-water anoxia, a lack of forams and 
bioturbated facies, and concurrent changes in anoxic proxies. Studies suggest that the 
depositional setting for this environment occurred in a restricted basin with anoxic to euxinic 
conditions that enabled a steady state of organic matter production and preservation (Lowery et 




       
 
CHAPTER 4  
RESERVOIR CHARACTERIZATION AND SOURCE POTENTIAL 
4.1 Overview  
This chapter evaluates the three COP cores used for this study for reservoir quality and 
source potential of unconventional hydrocarbon systems. SEM photomicrographs were used to 
observe the pore system and storage capacity of each of the benches and to assist the facies 
characterization described for the Niobrara Formation. Porosity, permeability, and fluid 
saturations were provided from Gas Research Institute (GRI) data to quantitatively describe the 
reservoir quality. TOC and other source rock data reveal organic richness and thermal maturity 
throughout the cores.  
4.2 Porosity, Permeability, and Saturation   
The point of this section is to provide insight into the type of pore systems within the 
Niobrara Formation and the corresponding facies. Compared to conventional hydrocarbon 
systems, unconventionals are tight reservoirs with low permeabilities due to small pore throat 
sizes, with porosity typically lower than 10 % (Loucks et al., 2009). Cross plots of permeability 
versus porosity in semi-logarithmic scales such as shown in in Figure 4.1 reveal how this dataset 
compares to conventional hydrocarbon plays. Flow units for conventional, tight gas, and shale 
gas reservoirs are also indicated on the graph. According to the plot, pores associated with this 
study are nano-scale (less than 1 μm or 1000 nm) and would be associated with diffusion-based 
flow (Aguilera, 2016).   
Porosity within mudrocks is difficult to constrain because mudrocks are physically and 
genetically complex (Aydin, 2017). Variations of the type, size, and arrangement of pores impact 
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storage and sealing capacity of the rock, and impact calculations for hydrocarbons in place. In 
addition, the difference in origin and distributions of pore types influence permeability and 
wettability. (Loucks et al., 2012; Aydin, 2017).  
 
Figure 4.1: Integrated cross plot of permeability vs. porosity for data taken from Tebo 32-2 GRI 
data. Shown are flow units for conventional, tight gas, and shale gas.  Dataset is primarily nano-
scaled that is dominated by diffusion-based flow.  Modified from Aguilera (2016). 
 
Loucks and others (2012) developed a classification scheme for mudrock matrix-related 
pores and defined three primary groups based on their relationship to particles. The three types of 
pores include: 1) interparticle (interP) mineral pores; 2) intraparticle (intraP) mineral pores; and 
3) intraP organic matter (OM) pores. Figure 4.2 illustrates the three different pore type classes. 
InterP pores tend to be well-connected, enhancing the effective (permeable) pore network 
82 
       
(Loucks et al., 2012). At the time of deposition, interP pores occur between grains of particles 
and crystals. They can also occur between clay aggregates. As the rock becomes subjected to 
burial, with an increase of overburden stress and diagenetic effects, the pores evolve. 
 
 
Figure 4.2: Three different pore type classes. Each class of pore types include illustrated 
examples. Interparticle (interP) pores and intraparticle (intraP) pores are classified as mineral 
matrix pores. InterP pores occur between particles and crystals, and intraP pores occur within 
mineral particles. Organic matter pores (OM) occur within organic matter. Pores can also occur 
within fractures that crosscut matrix and grains. Fracture pores are not matrix related, but should 
be acknowledged as contributors to porosity, especially for systems like the Niobrara Formation 
that is enhanced by its natural fracture system. Figure from Loucks and others (2012). 
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Intraparticle pores occur within particles and most are either intragranular or 
intercrystalline. This pore type is believed to be either primary in origin or a result from 
diagenetic processes (Loucks et al., 2012). Pores within pellets, are also considered to be 
intraparticle or intergranular pores and were frequently observed in this study.  
Finally, the third pore type is organic matter pores that are intraP pores found within 
organic matter. In order for OM pores to develop, the thermal maturity has to reach a vitrinite 
reflectance level (Ro) of about 0.6% or higher. Samples collected from this dataset have thermal 
maturity values that indicate oil generation, so it is very probable to observe OM pores under 
FIB-SEM analysis. The morphology of OM pores tends to have an irregular, bubbly character 
and generally range from 5 to 750 nm in diameter (Loucks et al., 2012). This study referred to 
Dahl’s and others (2012) texture classification scheme to characterize the morphology of the OM 
pores observed under SEM petrography (Figure 4.3).  
There are two primary constituents of porosity observed in this study: 1) porosity within 
pellets and 2) porosity within the matrix material. Studies have shown that porosity within pellets 
tends to be more abundant than porosity in the matrix material. Within matrix material, porosity 
can be associated with clay particles. These pores appear to form between authigenic, void-
filling clay minerals and tend to be associated with marl rich facies. Compared to pellets, matrix 
pores are not well connected and are thought to serve as partial barriers to flow (Michaels, 2014).  
 Calcite-rich pellets are thought to increase the storage capacity in Niobrara rocks 
because pellets experience less compaction than the surrounding matrix (e.g., Elghonimy, 2015; 
Rietman, 2015; Aydin, 2017). Although calcite cement reduces interparticle porosity within a 
pellet, it can support the pellet from compaction and enable storage capacity by making the pellet 
more rigid. Porosity within pellets is dominantly intraparticle and intercrystalline pores. Figure 
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4.4 shows an example of intraparticle pores within a pellet. Laughrey and others (2013) 
illustrated the intraparticle pore geometry through a 3D FIB-SEM segmentation model of a pellet 
(Figure 4.5).  The modeled pellet is from the Niobrara Formation and was taken from carbonate-
rich chalk that was thermally mature in respect to oil generation (comparable to samples from 
this study). The 3D model highlights the abundance of connected and isolated pores within one 
pellet.  
 
Figure 4.3: Organic matter textures associated with organic matter (OM) porosity. This 
terminology was utilized in this study to document the type of pores in SEM petrography. Figure 
from Dahl and others (2012). 
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There has been discussion on whether or not the color of pellets matters concerning 
reservoir potential. Light colored pellets are believed to be more carbonate-rich, and the darker 
colored pellets are believed to be more concentrated in either clay or organic matter. Carbonate-
rich pellets are thought to hold porosity better than darker pellets. According to Villaneda-Van 
Vloten (2013), facies rich in dark pellets experience more compaction than light pellets due to 
compositional differences. In Lopez’s (2018) analysis of pellets within the A Chalk, he observed 
similar trends in that the dark brown pellet appeared to be more compacted and flattened. He 
further acknowledged that there are porosity variations within pellets of different colors. This 
study recognized differences in pellet colors between Facies 1 and Facies 2, which are both 
considered to be pellet packstones, and further investigated the porosity differences and the 
overall reservoir quality. Those observations will be discussed in subsequent sections.  
Over time, porosity is reduced in response to compaction, cementation, and 
recrystallization (e.g., Scholle, 1977; Pollastro and Scholle, 1986). Angular pores are created 
when crystal terminations bulge into voids. This tends to occur when carbonate cement forms 
within former interparticle pores and partially fill the porosity. Cementation reduces pore size 
and impacts the morphology and distribution of pores (Michaels, 2014).  Porosity within foram 
chambers also changes when subjected to diagenetic effects. At shallow depths, framboidal 
pyrite first appears within the chambers. Once subjected to deeper burial, the intraparticle pore 
space within the chambers is then progressively filled with microspar and sparry calcite (Lopez, 
2018). However, increased burial, temperature and maturity can lead to enhanced organic-
material porosity development. 
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Figure 4.4: SEM backscattered photomicrographs of the Tebo 32-2 from the B1 Marl at depths 
of 7,820 feet. A) Macro-view of pellet-dominated facies. Organic matter (OM) and pyrite 
framboids are scattered throughout sample. B) Micro-view of pellet highlights the intraP pores 
that contribute to the storage capacity of the rock.  
 
Figure 4.5: FIB-SEM segmentation model of porosity within one carbonate pellet in the Niobrara 
Formation. Sample taken from carbonate rich chalk that is thermally mature with respect to oil 
generation. Blue represents connected pores and red indicates isolated pores. Figure from 
Laughrey and others (2013). 
 
4.2.1 GRI Assessment for the Niobrara Formation 
Porosity and permeability based on the data collected from Gas Research Institute (GRI) 
method analyses were correlated to the Niobrara Formation stratigraphy and its corresponding 
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facies for the Tebo 32-2, Moran Trust 2-1, and the SOC 36-1 cores (Figure 4.6). Porosity was 
given as Dry Helium Porosity with units in percent of bulk volume (% BV). Permeability was 
provided as Dry Press Decay Permeability with units in millidarcy (mD). Every facies has at 
least several data points of permeability and porosity to be used for analysis. For both the Tebo 
32-2 and the SOC 36-1 cores, GRI analyses were previously conducted at a one to two-foot 
sampling increment. The Moran Trust 2-1 was sampled at about every three to five feet. The 
Tebo 32-2 is the only well with both porosity and permeability data, while the other two wells 
only include porosity data. Porosity in the three COP wells ranges from 3.4% to 11.4%. In 
general, all three wells see similar trends in porosity distribution. Starting from the top of the 
Niobrara Formation, the benches with high porosity are the A Chalk, top-half of the A Marl, B2 
Chalk, and portions of the C Chalk. Porosity is high in the B1 Chalk for only the SOC 36-1 well. 
In regards to porosity distribution per facies classification, the highest porosity was found within 
the pellet-rich facies (Facies 1, 2, and 3) and the bioturbated carbonate-rich facies (Facies 5 and 
7). The facies with the highest porosity value is in Facies 8 (bioturbated, foram-rich grey chalk) 
with an average porosity of 7.9 %. Figure 4.6 displays the distribution of porosity associated with 
each facies. Several of the facies have a wide range of porosities, which may be attributed to 
potential natural fractures in the system, diagenesis, or cementation.  
High permeability trends appear to correlate with high in porosity in the core. According 
to the GRI permeability data observed in the Tebo 32-2 core, the A chalk, the top portion of the 
A Marl, and the B2 Chalk have high permeability. The most permeable facies appeared to be 
Facies 1, Facies 5, and Facies 7. The highest permeability was in Facies 5 with an average of 
6.30E-4 mD.  
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Figure 4.6: Porosity and permeability logs plotted against Niobrara stratigraphy and facies classifications for the Tebo 32-2, Moran 
Trust 2-1, and the SOC 36-1 cores. Data from GRI data. Dry Helium Porosity is in percent of bulk volume (% BV) and Dry Press 
Decay Permeability (perm.) is given in millidarcy (mD).
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4.2.2 GRI Porosity and Permeability Trends with Depth 
Figures 4.7 and 4.8 illustrate the general trends of porosity and permeability with 
increasing depth in the Tebo 32-2 core. In the cross plot, measured depth corresponds to current 
depth in the subsurface, which does not exactly correspond to burial history due to erosional 
removal of overburden. The data suggests with increasing depth, porosity values tend to 
decrease. Permeability does not display a definitive trend with increasing depth.  
 
Figure 4.7: Depth versus porosity cross plot. Colors correspond to facies. 
 
 
Figure 4.8: Depth versus permeability cross plot. Colors correspond to facies. 
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4.2.3 GRI Porosity and Permeability Trends Correlated to Facies   
Individual facies are plotted against porosity values in Figure 4.9. This plot reveals the 
distribution of porosity that occurs with regard to the facies classified in the Niobrara Formation. 
The facies with the highest average porosity values is in the pellet-rich facies (Facies 1, 2, and 3) 
and the bioturbated chalk-rich facies (Facies 5 and 8). Facies 9 is also a bioturbated chalk-rich 
facies but has a low porosity average of 5.1%.  The highest average porosity values for all the 
facies is in Facies 8, the bioturbated, foram-rich grey chalk, with an average porosity value of 
7.9%. Facies 8 also has the widest range of porosity data.  
 
 
Figure 4.9: Porosity versus facies plot made in IoGas software. The tick-marks represent the 
average porosity value for each facies. Porosity data was from GRI Dry Helium Porosity (% of 
BV). Each facies has a wide range of porosities. Overall, it appears that the highest porosity is 
associated with the facies rich in carbonate pellets and bioturbated chalk-rich facies. 
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Individual facies are plotted against permeability values in Figure 4.10. This plot shows 
the range of permeability that occurs with regard to the facies classified in the Niobrara 
Formation. Similar to the porosity trends, permeability is higher in the pellet-rich facies (Facies 
1, 2, and 3) and to the bioturbated chalk-rich facies (Facies 5 and 8). Facies 5 has the highest 
average permeability value out of all the facies with a measurement of 6.30E-4 mD.  
 
 
Figure 4.10: Permeability versus Facies for Tebo 32-2. Data from GRI Pressure Decay 
Permeability (mD). The tick-marks represent the average permeability value for each facies.  
 
To quantify the reservoir quality of the Niobrara and its associated facies, permeability 
versus porosity are cross-plotted for each facies. Permeability versus porosity plots were only 
made for Tebo 32-2 due to the lack of permeability data for the Moran Trust 2-1 and the SOC 
36-1 well. The permeability and porosity cross plot for all the facies in Figure 4.11 illustrates the 
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degree of heterogeneity and variations of permeability and porosity associated with the Niobrara 
Formation. Overall, there is a weak correlation with all the facies plotted together on one cross 
plot. Therefore, porosity and permeability plots were made for each of the nine facies 
characterized in this study using GRI data acquired for the Tebo 32-2 (Figure 4.12). Typically, 
studies make the permeability axis in logarithmic scale. However, the goal of this study was to 
understand the amount of data scatter and to further constrain the relationship between 
permeability and porosity. Therefore, permeability is not shown in logarithmic scale. The 
amount of scatter observed in the cross plots for each facies is further explained by petrographic 
observations, which will be discussed in the subsequent section. 
 
 
Figure 4.11: Permeability versus porosity cross plot for all facies present in the Tebo 32-2 core. 
Colors represent facies. 
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Figure 4.12: Permeability versus porosity plots for each facies characterized from the Tebo 32-2 
core. Permeability data from GRI Pressure Decay Permeability and measured in millidarcy 
(mD). Porosity data provided from GRI Dry Helium Porosity and measured in % if bulk volume 
(% BV).  Trend lines are posted for each cross plot. Facies 1-3 are the pellet-rich facies that show 
an overall positive trend in data. Facies 1 shows a large scatter of data. Facies 4-6 represent 
facies with low to moderately preserved pellets. Facies 6 is the most marly-rich facies and can 
have higher permeability/porosity values. Facies 7-9 are bioturbated chalk-rich facies with over 
90 wt. % carbonate. Facies 8 shows a wide scatter of data. While Facies 9 is similar 
compositionally and texturally as Facies 8, its values are in a tighter cluster. 
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Starting with the three pellet-rich facies, the permeability versus porosity cross plots are 
different between each of the three plots. The permeability versus porosity cross plot for Facies 1 
is representative of 32 samples and shows a correlation coefficient of 0.42. Overall, the cross plot 
for Facies 1 has the largest amount of data scatter out of the three facies. Data points from six 
samples within Facies 2 on a permeability versus porosity plot show a correlation of 0.70. There 
is not a broad range of scatter associated with Facies 2. Permeability and porosity of Facies 3 
from 18 samples showed a correlation coefficient of 0.26.  
 The next series of permeability versus porosity cross plots for Facies 4-6 represents the 
facies that have low to moderate preservation of pellets. For Facies 4, the cross plot was 
compiled from only three data points and has a negative correlation coefficient of -0.30. Facies 5 
is represented by 16 permeability/porosity data and has a correlation coefficient of 0.53. The 
cross plot for Facies 5 shows a large scatter of data with two outliers with porosity values higher 
than 8.8%. Facies 6, is the most marl-rich facies, and the permeability versus porosity plot made 
for this facies also shows data scatter with several outliers. This cross plot was compiled from 32 
points of Facies 6 data and had a correlation coefficient of 0.40.  
The last three cross plots represent the most carbonate-rich facies. Permeability and 
porosity of Facies 7 from five samples show a correlation coefficient of 0.26. Data consisting of 
13 samples were collected for Facies 8. Permeability versus porosity plot of this facies shows a 
correlation coefficient of 0.26. Note the more substantial scatter associated with Facies 8. Facies 
9 has similar composition and textures as Facies 8 but shows less data scatter, and the 
permeability/porosity values are also lower. Facies 9 is represented by ten points of data on the 
permeability versus porosity plot and shows a correlation coefficient of 0.17. 
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4.2.4 Observations from Thin Section and SEM Petrography 
Overall, all nine permeability versus porosity cross plots for each facies show weak 
correlation coefficients. This may be attributed to compositional and textural variations observed 
in each of the facies. Thin section and SEM analyses were used to quantitatively visualize the 
porosity associated with each given facies. These observations contributed to understanding the 
data scatter in the permeability versus porosity cross plots and to further assess reservoir quality 
at a finer scale.  
The pellet-rich facies (Facies 1, 2, and 3) tend to be associated with higher permeability 
and porosity. Average porosities ranged from 6.8% to 7.9%. Figure 4.13 is an SEM 
backscattered photomicrographs of Facies 3. Pellets tend to be dominated by intraparticle 
(intraP) pores. IntraP porosity was observed within the coccolith fragments and spines. Based on 
previous studies and SEM petrography, connectivity between pores appear to be the best in 
pellet-rich facies with minimal matrix material.  
 
 
Figure 4.13: SEM backscattered electron (BSE) photomicrographs from the Tebo 32-2 core, B1 
Marl, Facies 3, at depth 7820 feet. A). Macro-view shows pellet (outlined in yellow) has higher 
porosity than the surrounding matrix. B) Micro-view shows organic matter (OM) and 
intraparticle (intraP) pores abundant in coccolith fragments and spines. 
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Porosity and permeability measurements vary in marly facies such as Facies 4 and 6. 
Marls dominated by siliciclastic material, particularly clays, tend to have lower storage capacity. 
However, marls that contain pellets tend to have high porosity/permeability values. Under SEM 
analyses, low to moderately preserved pellets with ellipsoidal to elongated shape were identified 
in the marls from Facies 6. Micro-views of these pellets reveal interP and intraP porosity at the 
nanometer scale. IntraP pores were identified within the calcite grains and pellets (Figure 4.14). 
Coccoliths, coccolith spines, and pyrite framboids were also identified within Facies 6. InterP 
pores were observed within the matrix. 
 
Figure 4.14: Example of porosity observed in a marly facies. SEM back-scattered 
photomicrographs shows the pore system associated with Facies 6. Sample is from Tebo 32-2 
core at a depth of 7939.50 feet (base of C Chalk).  A) Macro-view shows ellipsoidal pellet 
(dashed in yellow) and the in pore network associated with this sample. Framboidal pyrite and 
organic matter (OM) are scattered throughout the matrix. B) Micro-view highlights intraP pores 





       
Favorable storage capacity was indicated by the permeability versus porosity cross plots 
for bioturbated chalk-rich facies (Facies 5 and 8). Despite low pellet preservation, the carbonate 
fabric shows well-preserved porosity. Intraparticle porosity is associated with coccolith and 
foraminifera fragments. These fragments are highly broken up, but significant amounts of 
porosity remain. Interparticle porosity is observed in the carbonate-rich matrix (Figures 4.15 and 
4.16). Minimal euhedral calcite growth was observed in the samples. Also, porosity within pyrite 
was noted to contribute interparticle porosity. Furthermore, it appears that bioturbation preserved 
and restored storage capacity by homogenizing the carbonate-rich fabric.   
 
 
Figure 4.15: SEM backscattered photomicrograph of Facies 5 from Tebo 32-2 at a depth of 
7903.75 feet (base of B2 Marl). A) Macro-view of bioturbated carbonate rich matrix. Few micro-
fractures observed in Facies 5. B) Micro-view highlights interP pores observed in the 
bioturbated, carbonate-rich facies. InterP porosity is also observed within the pyrite framboid and 





       
 
Figure 4.16: SEM backscattered photomicrograph of Facies 8 from Tebo 32-2 at a depth of 
7844.5 feet (B2 Chalk). A) Macro-view shows bioturbated matrix associated with interP 
porosity. B) Micro-view highlights the amount of interP pores that dominate Facies 8. Preserved 
Coccolith spines add intraP porosity to the system. Organic matter (OM) is also indicated in 
Facies 8. Bioturbation appears to preserve carbonate-rich fabric and restore storage capacity. 
 
Although Facies 9 (Fort Hays Limestone) is compositionally and texturally similar to 
Facies 8, the permeability and porosity values for Facies 9 are significantly lower. According to 
observations made through thin section petrography, it appears that the Fort Hays is heavily 
cemented. This is evidenced by an abundance of stylolites (Figure 4.17). Stylolites are indicative 
of pressure dissolution that are common during burial diagenesis. Diagenesis in the form of 
compaction, pressure-solution, and subsequent precipitation of pressure-solved calcite is driven 
by deep burial. In result, this process reduces microcrystalline porosity in rocks. According to 
core observations and thin section petrography, Facies 9 appears to be well-cemented. High 
degree of cementation reduces the reservoir potential in Facies 9.  
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Figure 4.17: Thin section photomicrograph of Facies 9 (Fort Hays Limestone). Sample is from 
Tebo 32-2 core at a depth of 8048 feet. Dashed in yellow are examples of styolites that occur 
throughout the Fort Hays Limestone. 
 
4.2.5 Discussion on Porosity and Permeability Distribution with Regard to Facies  
The facies identified in this study to have the best reservoir properties were the pellet-rich 
facies (Facies 1, 2, and 3) and the bioturbated chalk-rich facies (Facies 5 and 8). Non-reservoir 
facies would include Facies 4, Facies 7, and Facies 9. These findings were based on relationships 
drawn from permeability and porosity cross plots, as well from thin section and SEM 
petrographic observations.   
Several studies support that bioturbated facies can serve as potential reservoirs. 
According to Tonkin and others (2010), when bioturbation disrupts the sediment, it destroys 
sedimentary laminae and therefore increases isotropy or uniformity of grain size. In order words, 
the sediment is homogenized or diffused of textures. Bioturbation appears to have enhanced the 
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net effect of permeability in the sediment. In addition, composition seems to be a critical 
component of maintaining porosity. Based on the visual observations, carbonate-rich matrices 
appear to hold storage capacity in chalk-rich intervals.  
Marls, particularly marls that are concentrated with low to moderately preserved pellets, 
can also serve as potential reservoir facies. SEM backscattered images revealed that Facies 6 had 
abundant intraP and interP pores from samples collected from the base of the C chalk. However, 
in areas of the core where there is a decrease in carbonate material and an increase in clays, 
storage capacity is reduced. 
Data scatter was observed for each facies represented by a permeability versus cross 
plots. The main controls on differences in the data are linked to lithology, cementation, and 
possible natural fractures. Natural fractures serve as conduits to flow and can enhance porosity 
and permeability within a rock. This could potentially explain the high porosity/permeability 
outliers observed in what is normally considered as “tight” facies such as in Facies 6.  Facies 6 
also has the highest TOC values making it possible that organic matter porosity may contribute 
to storage capacity in this particular facies.  
4.2.6 Fluid Saturation 
GRI data was used to quantitatively assess fluid saturations in the Tebo 32-2, Moran 
Trust, and the SOC 36-1. GRI saturation data was extensively sampled for each well and 
included measurements of water saturation (Sw), oil saturation (So), and gas saturation (Sg). 
Each of the saturation measurements was plotted against Niobrara Formation stratigraphy for all 
three COP wells (Figures 4.18-4.20).  
Saturation measurements in the Tebo 32-2, Moran Trust 2-1, and the SOC 36-1 show 
similar trends throughout the stratigraphic unit of the Niobrara Formation. In all three wells, 
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water saturation is highest in the D Marl. Values of water saturation in the D Marl get as high as 
92.4% in Tebo 32-2, 95% in the Moran Trust, and 64.4% in the SOC 36-1. Conversely, water 
saturation is lowest in the chalk benches. Regarding gas saturation, Sg is abundant throughout 
Fort Hays Limestone, C Chalk, the B2 Chalk, the top portion of the A Marl, and the A Chalk. In 
the SOC 36-1 core, the gas column extends through most of the A marl and is prevalent in the B1 
Chalk. Areas of high gas concentration appear to correspond with areas on high porosity and 
permeability. 
Oil saturation is variable throughout the three wells. In the Tebo 32-2, oil saturation has a 
relatively constant concentration from the middle of the A Marl down to the top the C Marl. Oil 
saturation in the Moran Trust 2-1 extends from the middle of the A Marl and continues down the 
top portion of the D Marl. Compared to the Tebo 32-2 and the Moran Trust 2-1, oil saturation is 
not as consistent in the SOC 36-1. Oil saturation in the SOC 36-1 ranges from 30-69% from mid-
A Marl down to the base of the B1 Chalk. Oil saturation is also high in the B2 Marl and 
sporadically abundant in the C Chalk and the C Marl.  
Oil saturation plotted against porosity for the Tebo 32-2 shows interesting trends (Figure 
4.21). In general, with increasing porosity, there is an increase in oil saturation. In this dataset, 
once porosity reaches over 5.0% porosity, there is an overall increase in oil saturation with 
saturation values higher than 35%. The highest saturation value is 69% at 6.4% porosity.  Then, 
when porosity reaches 8.0 % porosity, the oil saturation then decreases to between 22.5% and 
52.5% So.  Perhaps the reason behind a decrease of oil saturation could be related to pore-throat 
size. 
A clear relationship between oil saturation and permeability was not observed in the cross 
plot shown in Figure 4.22. Oil saturation does not seem to be a proxy for permeability. 
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Figure 4.18: Porosity, permeability (perm.), water saturation (Sw), gas saturation (Sg), and oil 
saturation (So) logs plotted against Niobrara stratigraphy and facies classifications for the Tebo 
32-2. Data from GRI data. Dry Helium Porosity and saturations are given in percentages (%) and 
permeability (perm.) is given in millidarcy (mD). 
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Figure 4.19: Porosity, water saturation (Sw), gas saturation (Sg), and oil saturation (So) logs 
plotted against Niobrara stratigraphy and facies classifications for the Moran Trust 2-1. Data 
from GRI data. Dry Helium Porosity and saturations are given in percentages (%). 
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Figure 4.20: Porosity, water saturation (Sw), gas saturation (Sg), and oil saturation (So) logs 
plotted against Niobrara stratigraphy and facies classifications for the SOC 36-1. Data from GRI 
data. Dry Helium Porosity and saturations are given in percentages (%). 
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Figure 4.21: Oil saturation plotted against porosity for Tebo 32-2 data. Individual points are 
colored by facies. The circles indicate three main clusters of relationships observed in the data. 
 
Figure 4.22: Oil saturation plotted against permeability for Tebo 32-2 data. Individual points are 
colored by facies. No clear trend can be defined from this cross plot.  
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4.3 Source Rock Potential-Organic Richness and Thermal Maturity 
Source rock pyrolysis was conducted for each of the three COP wells through 
Weatherford Laboratories and included measurements for determining kerogen type and quality, 
TOC, hydrocarbon potential, and other source rock parameters.  Source rock maturity and quality 
data provided the foundation for understanding the source potential of the Niobrara Formation 
within the Lowry Bombing Range (LBR). TOC is thought to be a critical component to 
characterize in unconventional systems. In general, TOC measurements of 2 wt.% or greater are 
considered to be associated with economic shale hydrocarbon (oil and gas) production (e.g., 
Passey et al., 2010; Keator, 2018).  
According to Hart (2016), the amount and type of organic-carbon content of marine 
sediment is dependent on the following factors: 1) organic supply (includes terrigenous plant 
matter supplied as clastic detritus and biogenic products from the water column); 2) destruction 
of organic matter (oxidation, bacterial degradation, and ingestion by benthic organisms); and 3) 
dilution of organic matter by siliciclastic or biogenic materials. Kerogen quality is determined by 
cross plotting a source rock’s oxygen index (OI) versus hydrogen index (HI) on what is known 
as a modified Van Krevlen diagram. OI represents the amount of oxygen in relation to the 
amount of organic carbon present in a sample. Similarly, HI accounts for the amount of 
hydrogen relative to the amount of organic carbon (Law, 1999).  
The modified Van Krevlen diagrams developed for the Tebo 32-2, Moran Trust 2-1, and 
SOC 36-1 indicate the primary hydrocarbon source is Type II kerogen, which tends to be from a 
marine source and is predominantly both oil prone (Figure 4.23). There are some indicators of 
Type III and Type IV in the SOC-36-1, which most likely represents kerogen that is highly 
oxidized. 
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Figure 4.23: Van Krevlen diagram for Tebo 32-2, Moran Trust 2-1, and SOC 36-1 suggest the hydrocarbon source is primarily Type II 
Kerogen. Some data points indicate Type III kerogen, which could be from potential coal deposits. The Type IV kerogen indicated in 
the SOC-36-1 most likely represents kerogen that is highly oxidized. 
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Measured vitrinite reflectance (% Ro) data was not available for the three COP wells, so 
thermal maturation was determined from provided Tmax measurements. Maturity based on 
Tmax values versus hydrogen index (HI) is plotted for all three wells on Figures 4.24-4.26. 
According to the plots, the majority of data falls within the mature oil window (between 435°C 
to 455°C) for Type II-III kerogen. Both the Moran Trust 2-1 and SOC 36-1 had a few 
measurements indicating immature hydrocarbon maturation.  
 
Figure 4.24: Organic geochemistry data conducted by Weatherford Labs for the Tebo 32-2. 
Maturity based on measured Tmax (°C) plotted versus hydrogen index (HI, mg HC/g TOC) as an 
indicator for maturity. Plot displays all samples are mature and within the oil window. 
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Figure 4.25: Organic geochemistry data conducted by Weatherford Labs for the Moran Trust 2-1. 
Maturity based on measured Tmax (°C) plotted versus hydrogen index (HI, mg HC/g TOC) as an 
indicator for maturity. Plot displays all samples are mature and within the oil window. Some 
samples fall within the immature window for oil generation. 
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Figure 4.26: Organic geochemistry data conducted by Weatherford Labs for the SOC 36-1. 
Maturity based on measured Tmax (°C) plotted versus hydrogen index (HI, mg HC/g TOC) as an 
indicator for maturity. Plot displays all samples are mature and within the oil window. Some 
samples fall within the immature window for oil generation. 
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Maturity was further assessed by plotting Tmax measurements versus production index 
(PI) for all three wells (Figure 4.27-4.29).  The data suggests samples from all three wells are 
within the intensive generation and expulsion phase of the oil window.  
 
 
Figure 4.27: Cross plot of maturity (based on Tmax) versus production index (PI) for Tebo 32-2. 







       
 
Figure 4.28: Cross plot of maturity (based on Tmax) versus production index (PI) for Moran 
Trust 2-1. Data indicates samples fall within the intensive generation and expulsion phase of the 
oil window. Few points suggest immature oil generation. 
 
Figure 4.29: Cross plot of maturity (based on Tmax) versus production index (PI) for the SOC 
36-1 core. Data indicates samples fall within the intensive generation and expulsion phase of the 
oil window. Few points suggest immature oil generation. 
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Figures 4.30-4.32 display organic richness, hydrocarbon potential, normalized oil 
content, and thermal maturity plotted against Niobrara Stratigraphy and the associated facies for 
the Tebo 32-2, Moran Trust 2-1, and the SOC 36-1. Organic richness is provided from TOC 
measurements. TOC was provided using an instrument called the LECO carbon analyzer that 
measures TOC values by combusting the organic carbon and measuring the resulting carbon 
dioxide produced (Law, 1999). TOC values vary from 0.5 wt. % to 6.3 wt. % throughout the 
entire stratigraphic section of the Niobrara Formation. The highest TOC values are within the C 
Marl and C Chalk. The rest of the Niobrara Formation from B2 Marl to top of the A Chalk has 
relatively constant TOC values between 2-3 wt. %. TOC measurements for the entire Fort Hays 
Limestone are minimal to absent. 
Hydrocarbon potential (S2) is measured as mg/g rock and indicates hydrocarbon 
potential. In general, S2 measurements greater than five mg/g rock is considered to have “good 
to excellent” hydrocarbon potential. In all three wells, there is no hydrocarbon potential in the 
Fort Hays Limestone, the D Marl, and the base of A Chalk. The other benches within the 
Niobrara Formation indicate “good to excellent” hydrocarbon potential. The highest S2 values 
are found within the C Marl and the C Chalk in the Tebo 32-2 and the SOC 36-1 core. In the 
Moran Trust 2-1, highest S2 values are in the C Marl.  
Normalized oil content is generated from S1/TOC*100. S1 is recorded in mg HC/g rock 
and is the measurement of free hydrocarbons present in the sample prior to Rock-Eval pyrolysis. 
It is thought to be the residual hydrocarbon phase (Law, 1999). If the data for normalized oil 
content is between 50 and 100, then it is said that it is a mature stained source rock. Any values 
over 100 are termed as oil/gas production or contamination. Based on Figures 4.30-4.32, there 
are increasing producibility indicated for all the benches from the A Chalk down to the C Marl. 
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There was a decrease in normalized oil content at the base of the A Chalk and the B1 Chalk, the 
B1 Marl, and in the B2 Marl. The D marl did not indicate oil/gas production. In general, it 
appears that the chalk benches (B1 Chalk, B2 Chalk, and C Chalk) have the best indicators for 
increasing producibility.  
 
 
Figure 4.30: Organic richness (Leco TOC), hydrocarbon potential (S2), normalized oil content 
(S1/TOC*100), and thermal maturity (Tmax) plotted against Niobrara Formation stratigraphy 
and the associated facies for the Tebo 32-2 core. Shading for Leco TOC represents values of 2 
wt. % or greater indicates organic rich rocks. S2 shading indicates areas greater than 5% has 
“good to excellent” hydrocarbon potential. Normalized oil content is shaded for values greater 
than 100, which represents increasing producibility. Tmax is colored by values greater than 435 
°C that indicates samples are in the oil generation window. 
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Figure 4.31: Organic richness (Leco TOC), hydrocarbon potential (S2), normalized oil content 
(S1/TOC*100), and thermal maturity (Tmax) plotted against Niobrara Formation stratigraphy 
and the associated facies for the Moran Trust 2-1 core. Shading for Leco TOC represents values 
of 2 wt. % or greater indicates organic rich rocks. S2 shading indicates areas greater than 5% has 
“good to excellent” hydrocarbon potential. Normalized oil content is shaded for values greater 
than 100, which represents increasing producibility. Tmax is colored by values greater than 435 
°C that indicates samples are in the oil generation window. 
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Figure 4.32: Organic richness (Leco TOC), hydrocarbon potential (S2), normalized oil content 
(S1/TOC*100), and thermal maturity (Tmax) plotted against Niobrara Formation stratigraphy for 
the SOC 36-1 core. Shading for Leco TOC represents values of 2 wt. % or greater indicates 
organic rich rocks. S2 shading indicates areas greater than 5% has “good to excellent” 
hydrocarbon potential. Normalized oil content is shaded for values greater than 100, which 
represents increasing producibility. Tmax is colored by values greater than 435 °C that indicates 
samples are in the oil generation window. 
 
Based on the Tmax curves shown for all three wells, it appears that the majority of the 
Smoky Hill Member of the Niobrara stratigraphic section is within the oil generation widow 
(Tmax values over 435). The only area that is not thermally mature is in the bottom half of the A 
117 
       
Chalk. In the SOC 36-1 core, both the A Chalk and the A Marl are not in the maturity window 
for oil generation.  In all three wells, the B2 Marl and the C Marl are more mature and are within 
the peak oil generation window (temperatures of 445-450 degree C). In the Tebo 32-2, the base 
of the C Chalk and the B1 Marl are also in peak oil generation.  
4.3.1 Discussion on Source Rock Potential 
Based on observations of thermal maturity from Figures 4.24-4.29, it appears that 
samples from SOC 36-1 are less thermally mature compared to maturity values observed from 
Tebo 32-2 and Moran Trust 2-1. This may be related to the location of the SOC 36-1 in relation 
to the Turkey Creek paleo-high structure. The Turkey Creek paleo-high is thought to be a 
possible contributor to elevated thermal maturities for wells located in the LBR. Compared to the 
Moran Trust 2-1 and the Tebo 32-2 wells that are located above the paleo-high structure, the 
SOC 36-1 is located slightly off of the Turkey Creek High (Figure 4.33).  
 
Figure 4.33: Aeromagnetic map highlights location of COP wells in respect to Turkey Creek 
High (circled in black). SOC 36-1 is located slightly farther off of the paleo-high structure 
compared to the other two wells, which may contribute to a decrease in thermal maturities 
observed in source rocks.  However, aeromagnetic intensity does not necessarily reflect paleo-
high or the current structure. Figure modified from Sims and Finn (2001). 
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Paleocene coal deposits throughout eastern Colorado have been suggested to be another 
possible explanation for elevated thermal maturities in this region. Coal is a strong insulator 
because it has high porosity that is generally filled with gas (Coskey and Cumella, 2015). The 
lithologic control on thermal conductivity and coal’s persistence through time are thought to 
influence the thermal maturity of underlying source rock. Figure 4.34 shows the distribution of 
coals and the coal-bearing section in eastern Colorado. Note that the extent of the coal-bearing 
sediments directly overlie the area where the three COP wells are located.  
 
Figure 4.34: Map of eastern Colorado shows the distribution of the coals and the coal-bearing 
areas. Note that the extent of the coal-bearing areas shaded in grey cover the three COP wells 
used in this study in Adams and Arapahoe County. Figure from Raynolds (2002), Roberts 
(2007), and Coskey and Cumella (2015). 
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Analysis of source rock potential suggested that all benches within the Niobrara 
Formation besides the A Chalk and B1 Chalk can serve as potential source rocks. Overall, it 
appears that the B2 Marl and the C Marl have the highest TOC values and, therefore, contain the 
best source rocks. In regards to organic-rich facies, Facies 6 has the highest source potential. The 
highest TOC value within Facies 6 was a value of 6.3 wt. %. 
Observations based on normalized oil content versus Niobrara stratigraphy revealed that 
the best indicators for increasing producibility were in the chalk benches (B1 Chalk, B2 Chalk, 
and C Chalk). In general, this corresponds with reservoir quality benches that had higher porosity 
and permeability measurements. Furthermore, there was a decrease in normalized oil content at 
the base of the A Chalk and the B1 Chalk, the B1 Marl, and in the B2 Marl. The D marl did not 













       
 
CHAPTER 5  
RESERVOIR GEOMECHANICS 
5.1 Overview 
This chapter discusses geomechanical analyses observed from mechanical data provided 
for the Tebo 32-2. In unconventional reservoirs, rocks are assessed for the degree of stiffness and 
used to define desirable (high brittleness) and undesirable (low brittleness) conditions for 
fracturing to obtain optimal production (Suarez-Rivera et al., 2013). Evaluations on rock strength 
also contributes to the understanding of how the rock will respond under hydraulic stimulation. 
There are two main classifications for how rocks behave under stress: ductile and brittle. In the 
Niobrara Formation, the marls tend to be more ductile, and the chalks tend to have a more brittle 
character. Brittle reservoirs tend to be more readily developed due to the large fracture network 
that can enhance production by connecting fracture fairways to the wellbore (e.g., Grieser and 
Bray, 2007; Xu and Sonnenberg, 2016).  
This study used two essential approaches for analyzing brittleness in the Niobrara 
Formation: mineralogy-based and elastic-property based brittleness. XRD data was used to 
calculate the mineralogy-based brittleness index, which was then correlated to the Niobrara 
Formation to investigate which areas of the core were most brittle. Dynamic elastic-property 
based brittleness includes using Young’s modulus (YM) and Poison’s ratio (PR) curves that were 
generated from sonic, shear, and density logs for the Tebo 32-2. YM and PR, along with the 
elastic-property based brittleness index, were used to further evaluate the rock strength of the 
Niobrara Formation.   Depositional fabric and facies characterization influence geomechanical 
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properties and are critical for understanding fracturing potential of the reservoir. Dynamic 
elastic-property based brittleness was correlated to the facies scale with the goal of determining 
whether or not rock fabric plays a role in the overall rock behavior.  
5.2 Mineralogy-based Brittleness 
The mineral composition of a rock influence the rock’s response to stress and the 
reservoir’s fracability. Brittle minerals include quartz, feldspars, micas, calcite, dolomite, and 
pyrite. Ductile minerals like clays will reduce the brittle character of the rock. Mineral 
characterization for this study was provided from XRD analyses of the cores.  
The original calculations for mineralogy-based brittleness index (BI) developed by Jarvie 
and others (2007), Wang and Gale (2009), and Jin et al. (2014) were modified by Xu and 
Sonnenberg (2016) by adding pyrite to brittle-based minerals. Based on Leeb hardness 
measurements recorded in their study on the Bakken Shales, pyrite-rich shale intervals were 
extremely brittle. Pyrite is relatively abundant throughout the Niobrara Formation. Therefore, it 
was reasoned appropriate to incorporate pyrite in the calculation for mineral-based brittleness. 
The mineral-based brittleness index (BI) that was proposed by Xu and Sonnenberg (2016) and 
used for this study goes as follows:  
BI: 
𝑄𝑧+𝐶𝑎+𝐷𝑜𝑙+𝐹𝑒𝑙+𝑃𝑦𝑄𝑧+𝐶𝑎+𝐷𝑜𝑙+𝐹𝑒𝑙+𝑃𝑦+𝐶𝑙𝑦+𝑇𝑂𝐶 
Where Qz is the weight fractional quartz content, Ca is the weight fractional calcite content, Dol 
is the weight fractional dolomite content, Cly is the weight fractional clay content, Fel is the 
weight fractional feldspar content, Py is the weight fractional pyrite content (this includes 
marcasite if detected in cores), and TOC is the total organic carbon content.  
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Figure 5.1 shows the result of the BI calculation for the Tebo 32-2 well. The BI log is 
correlated to the stratigraphy and the corresponding facies. The mineralogical curves for 
carbonate, quartz, and clay are also displayed. The BI curve appears to precisely mimic the total 
carbonate curve, suggesting that carbonate content is a dominant contributor to brittleness.  
Based on the log observations, the most brittle intervals of the Niobrara Formation are in 
the A Chalk, the B2 Chalk, the top half of the B2 Marl, the C Chalk, and the Fort Hays 
Limestone.  
 
Figure 5.1: Mineral brittleness index (BI) curve calculated from XRD data is plotted against 
Niobrara stratigraphy and the corresponding facies to quantify rock fracability in the Tebo 32-2. 
Total carbonate, clay, and quartz were provided from XRD analysis and given in wt. %. Total 
carbonate is shaded blue for chalky intervals (>70 wt. % carbonate). BI mimics total carbonate 
suggesting carbonate mineralogy is a determining factor for brittleness in the Niobrara 
Formation.  
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5.3 Elastic Moduli 
Elastic moduli in rock geomechanics refers to the elastic behavior of the rock when stress 
and strain have been applied. Elastic behavior describes how a material will deform after it has 
been subjected to stress (Brugioni, 2017). Stress is the force per unit area and deformation is the 
behavior of the material after stress is applied. Brittle rocks can be differentiated from ductile 
rocks from two crucial log-derived elastic parameters: Young’s modulus and Poisson’s ratio.  
Young’s modulus (YM) is used to quantify the amount of stiffness of isotropic elastic 
materials. It is measured in Pascals (Pa) and is the ratio of uniaxial stress to uniaxial strain 
(Durkee, 2016). YM is useful for determining how much the rock with lengthen or shorten in the 
direction parallel to stress when subjected to either tension or compression. In addition, it 
measures the ability for a material to return to its original shape following deformation. For 
example, a ductile material has low YM values and will form back to its previous position. In 
contrast, a brittle material has high YM and will resist deformation until eventually breaking. In 
regards to the Niobrara Formation, marls tend to have low YM and chalks have high YM 
(Durkee, 2016).  
Poisson’s ration (PR) is the unitless ratio of lateral contraction strain to longitudinal 
extension strain. In other words, it measures how much the rock will “squish” versus “squash” is 
the volumetric alteration of the material once stress is applied. In general, clay-rich mudrocks 
tend to have high PR and will compress easier than rocks with low PR (Durkee, 2016). These 
observations have implications for reservoir properties because compressible rocks tend to have 
a reduced in porosity. Therefore, PR and YM are important geomechanical properties to consider 
for reservoir characterization.  
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Elastic brittleness is unitless and is derived from taking Young’s modulus divided by 
Poison’s Ratio. It measures the rock’s breakability and is useful for determining brittle intervals 
of the core.  
YM and PR log curves were generated from shear and sonic logs for the Tebo 32-2 and 
were used to calculate elastic property-based Brittleness in the following equations:  
(1)     PR = 12(𝐷𝑇𝑆𝐷𝑇𝐶)2−1(𝐷𝑇𝑆𝐷𝑇𝐶)2−1  
(2)    YM = 1000 * 𝜌 ( ( 1𝐷𝑇𝑆)2(3(( 1𝐷𝑇𝐶)2−4( 1𝐷𝑇𝑆)2( 1𝐷𝑇𝐶)2 1𝐷𝑇𝑆 ) 
(3)     BI = 
𝑌𝑀𝑃𝑅  
 
Where DTS is fast shear sonic, DTC is compressional sonic velocity, and 𝜌 is bulk 
density (Durkee, 2016).  
Log-derived curves for YM, PR, and elastic brittleness index were compared with 
mineralogy-based BI in Figure 5.2. The stratigraphy of the Niobrara Formation and the 
characterized facies in the Tebo 32-2 core were also displayed to describe how the 
geomechanical character corresponds to various stratigraphic units.  Overall, YM and the elastic-
based brittleness curves show nearly the same trends and are high in the chalk benches and low 
in the marl benches. PR is low in the chalk benches and high in the marly, ductile benches.  
Overall, the YM and elastic brittleness index curves are comparable to mineralogy-based 
brittleness index. All three curves show peaks in the A Chalk, B2 Chalk, top of the B2 Marl, C 
Chalk, and the Fort Hays.  The B1 Chalk is the only chalk bench within the Niobrara Formation 
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that does not show increased brittleness. This is supported by the constant geomechanical 
character going from the B1 Marl up to the top of the A Marl.  The most brittle interval appears 
to be the Fort Hays Limestone, with a peak value of mineralogy-based brittleness of 0.99, YM of 
6.75 Pa, and elastic-based mineralogy of 25.57. 
 
Figure 5.2: Profiles of minerology-based brittleness and elastic-based brittleness (Young’s 
Modulus (YM), Poisson’s Ratio (PR), and Elastic Brittleness) compared to Niobrara stratigraphy 
and its corresponding facies for Tebo 32-2. YM is measured in Pascals (Pa). Elastic-based 
brittleness was derived from normalized YM and PR curves. Brittle, chalk benches correspond to 
peaks in minerology-based brittleness, YM, and elastic-based brittleness. Marls tend to 
correspond to peaks in PR. High brittleness character suggests areas susceptible to hydraulic 
fracturing (highlighted in blue). 
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In summary, high brittleness indicates areas susceptible to hydraulic fracturing. 
According to observations of the mineralogy-based brittleness and elastic-based brittleness 
curves derived from Tebo 32-2, the intervals most receptive to completion stimulations would be 
within the A Chalk, B2 Chalk, top of the B2 Marl, C Chalk, and the Fort Hays, respectively.  
5.4 Geomechanical Character of Facies  
Each facies is characterized by variations in composition and depositional fabrics, which 
ultimately influence the geomechanical character of the rock. The distribution of mineralogy 
(clay and carbonate), organic matter, diagenesis, bioturbation, and sedimentary structures all 
impact mechanical behavior (Durkee, 2016). Dynamic properties (YM, PR, and elastic-based 
brittleness) were used to investigate the geomechanical character of each facies. The overall goal 
was to determine whether or not rock fabric plays a significant role in the overall rock behavior 
for predictions on how it will respond to completion stimulations.  
Figures 5.3 is a cross plot of Young’s Modulus versus Poisson’s Ratio for all facies 
sampled from the Tebo 32-2 core. There is a distinct difference between the elastic moduli for 
each facies. Therefore, facies were divided up based on depositional fabric and composition 
(Figures 5.4-5.7).  
Figure 5.4 displays the geomechanical cross plot for the pelleted facies, which includes 
Facies 1, 2, and 3. Data shows a relatively tight cluster of values, with YM < 5.0 Pa and PR < 
0.29. Facies 1 is more carbonate-rich compared to Facies 2 and 3, and it shows more scatter of 
values.  
Marl-rich facies that have laminated to slightly bioturbated fabrics are represented by 
Facies 5 and 6. In the YM versus PR, Facies 5 shows a tighter cluster of values, with YM < 4.3 
Pa and PR < 0.29 (Figure 5.5). Facies 6, which is the marliest facies observed in the core, shows 
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more data scatter and higher YM and PR values compared to Facies 5. Values of YM are less 
than 5.0 Pa, and PR values are less than 0.32.  
The bioturbated chalk-rich facies include Facies 5, 7, and 8. On the YM versus PR, each 
of the three facies shows varying data scatter. However, none of the facies exceed YM > 5.0 Pa. 
Facies 7 shows the tightest cluster of data with YM hovering around 4.5 Pa and PR ranges from 
0.23 to 0.27. Facies 5 and 8 show similar clusters of data, but Facies 8 has higher PR values.  
Facies 9, also known as the Fort Hays Limestone, was put on a separate cross plot 
because its rock character is distinctly different than the other bioturbated chalk-rich facies. On 
the YM verses PR cross plot, Facies 9 shows the most data scatter out of all the facies. It also has 
the highest values for both YM and PR.  Its YM value is nearly 7.0 Pa, and the PR is just under 
0.35.  
 
Figure 5.3: Cross plot showing YM versus PR for Tebo 32-2 core. Colors represent all the facies 
characterized in this study. Facies are split out on succeeding plots.  
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Figure 5.4: Cross plot showing YM versus PR for the pelleted facies characterized in Tebo 32-2 
core. Colors represent Facies 1 (dark blue), Facies 2 (light blue), and Facies 3 (green). Trend 
lines are marking the greatest YM and PR values.  
 
 
Figure 5.5: Cross plot showing YM versus PR for the marl-rich facies characterized in Tebo 32-2 
core. Colors represent Facies 4 (red) and Facies 6 (grey). Red circle is highlighting the cluster of 
Facies 4 data. 
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Figure 5.6: Cross plot showing YM versus PR for the bioturbated chalk-rich facies characterized 
in Tebo 32-2 core. Colors represent Facies 5 (yellow), Facies 7 (black), and Facies 8 (yellow). 
Black circle is highlighting the tight cluster of Facies 7 data. 
 
 
Figure 5.7: Cross plot showing YM versus PR for the Fort Hays Limestone characterized in Tebo 
32-2 core. Colors represent Facies 9 (pink).  Facies 9 shows the largest degree of data scatter and 
the highest values of YM and PR. 
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Mechanical behavior was further assessed for each facies by analyzing the data 
distribution for the elastic-property based brittleness. According to Figure 5.8, the bioturbated 
chalk-rich facies (Facies 5, 7, 8, and 9) have the highest elastic-property based brittleness. 
Average brittleness values for Facies 5, 7, 8 and 9 are 15.1, 18.1, 16.2, and 17.8, respectively. 
The facies was with the lowest brittleness character was in Facies 6, which is laminated marl. 
The average brittleness index value for Facies 6 was 13.2. There was minimal variation of 
brittleness observed in the pelleted facies (Facies 1, 2, and 3) with similar BI averages of 14. 
 
Figure 5.8: Boxplot displays elastic-property based brittleness for facies characterized in Tebo 
32-2 core. Colors correspond to facies classification scheme. Note fabric and pellet preservation. 
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Figure 5.9 is a boxplot that displays the distribution of Young’s modulus (YM) values for 
each of the facies characterized in the Tebo 32-2. Similar to trends observed in the elastic-
property based brittleness, the bioturbated chalk-rich faces had the highest YM values. Facies 9 
had the highest YM values with an average YM of 5.1 Pa. Facies 5, Facies 7, and Facies 8 had 
YM averages of 4.0 Pa, 4.5 Pa, and 4.2 Pa, respectively. Again, there appeared to be no 
difference of brittleness between the three pellet-rich facies (Facies 1, 2, and 3). These pellet-rich 
facies also have some of the lowest values of YM, with averages of 3.7 Pa. The lowest YM 
values was observed in the laminated marly facies (Facies 6). Facies 6 had a YM average of 3.7 
Pa. Regarding depositional fabric, it appears that the bioturbated facies with low preservation of 
pellets have the most brittle character. 
 
Figure 5.9: Boxplot displays the distribution of Young’s modulus (YM) values for facies 
characterized in Tebo 32-2 core. Colors correspond to facies classification scheme. Note fabric 
and pellet preservation. 
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Figure 5.10 illustrates a boxplot for the distribution of Poisson’s ratio (PR) values for the 
facies characterized in Tebo 32-2. Overall, there is subtle variation of average PR values between 
all the facies, with PR averages ranging 0.25-0.29. The highest PR values were observed in 
Facies 9 that has an average PR value of 0.29. The marly rich facies, Facies 6, also had high PR 
values with an average PR of 0.28. The lowest PR average was in F7 with an average of 0.25.  
 
 
Figure 5.10: Boxplot displays the distribution of Poisson’s Ratio (PR) values for facies 
characterized in Tebo 32-2 core. Colors correspond to facies classification scheme. Note fabric 
and pellet preservation. 
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5.5 Geomechanical Implications  
Observations from mineralogy-based brittleness showed that carbonate is a defining 
contributor to brittleness in the Niobrara Formation. The benches with more marly-rich facies 
tend to have a more ductile behavior. Analyses from both mineralogy based-brittleness and 
elastic-property-based brittleness showed that the most brittle benches were observed in the A 
Chalk, B2 Chalk, top B2 Marl, C Chalk, and the Fort Hays Limestone. Regarding facies, the 
pellet-rich facies (Facies 1, 2, and 3), as well as the bioturbated chalk-rich facies (Facies 5, 7, 8, 
and 9), appeared to contribute to the brittleness character in the Tebo 32-2.  
Subtle differences in Young’s Modulus and Poisson’s Ratio for each facies could be from 
either: 1) averaging issues or tool resolution problems of log-derived curves; or 2) the 
interbedded nature of chalks and marls that make up the Niobrara Formation. Facies 9, also 
known as the Fort Hays Limestone, had both the highest values for YM and PR. High PR values 
tend to correlate with facies that are ductile and rich in clays. The Fort Hays Limestone has over 
90 wt. % of carbonate and is known to be very brittle. Therefore, a possible reason for such 
discrepancy in high PR values may be the result of the high degree of cementation within the 
chalk-rich interval. However, the Fort Hays Limestone does contain interbeds of marl-rich units, 
which contribute to high PR values.  
Depositional fabrics appear to correspond to geomechanical properties and are critical for 
characterizing the reservoir. Based on the observations made from the data, the bioturbated chalk-
rich facies are more brittle than the laminated marly facies. This observation agrees with 
Durkee’s (2016) study on the Green Horn Formation, from which she found that bioturbation 
appeared to influence reservoir quality and geomechanics. Her study also suggested that 
stimulated fractures within laminated clay-rich facies would not fracture easily compared to 
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bioturbated chalk. The fracability of a zone is also dependent on the stacking patterns of each 
facies. Even small scale laminations are thought to inhibit fracture growth and fracture transport. 
Diagenesis can also effect of reservoir geomechanics. Facies that undergo recrystallization with 
calcite tend to be more brittle and have a positive effect on rock geomechanics.  
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CHAPTER 6  
RESERVOIR TARGET BENCHES WITHIN THE NIOBRARA FORMATION 
6.1 Overview  
The key components to hydrocarbon exploration in the Niobrara Formation include: 1) 
geomechanical character; 2) reservoir quality (permeability/porosity data); 3) organic-rich source 
rocks with TOC values between 3 and 8 wt. %; and 4) widespread mature source rocks. All four 
components were investigated in this study.  Geomechanical behavior was evaluated using 
mineralogy-based brittleness and elastic property-based brittleness. Results showed that the most 
brittle benches were in the A Chalk, B2 Chalk, top of the B2 Marl, C Chalk, and the Fort Hays 
Limestone. Petrographic analyses in conjunction with porosity and permeability data suggested 
that the A Chalk, B2 Chalk, and C Chalk had the best reservoir quality. Finally, source rock 
pyrolysis data revealed that all benches of the Niobrara Formation besides the A Chalk and the B1 
Chalk could serve as potential source rocks. The highest TOC values were found in the C Marl. 
Furthermore, source rock pyrolysis conducted for all three wells indicated that rocks are in the 
thermally mature window for oil generation, favoring peak oil generation westward in the vicinity 
of the Tebo 32-2 well.  
Based on the culmination of analyses conducted throughout this study, prospective 
reservoir targets were identified in the Tebo 32-2, Moran Trust 2-1, and SOC 36-1. Petrophysical 
log responses were then used to generate isopachs, porosity maps, and deep resistivity maps for 
each prospective reservoir target to observe how reservoir and source quality extend throughout 
Arapahoe and Adams County.  
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6.2 Reservoir Targets 
Prospective reservoir targets were defined in each well based on correlating trends in 
reservoir and source properties, geomechanics, and mineralogy. Figure 6.1 demonstrates the log 
correlations for the Tebo 32-2 that were used to define potential targets within the Niobrara 
Formation. For mineralogical data correlations, total carbonate and clay weight percentages are 
displayed. As shown in previous sections, it is essential to understand the distribution of 
carbonate because it contributes to the overall storage capacity of the reservoir, and it enhances 
the geomechanical behavior of the rocks. Clays are also vital for understanding the distribution 
of marls and for constraining where the rocks are more susceptible to ductile deformation when 
subjected to stress.  
Geomechanical curves include the mineralogy-based brittleness index curves and the 
elastic-property based brittleness. Both of these curves were used for determining which 
intervals of the core have desirable conditions for fracturing. Reservoir and source 
characterization logs include porosity, permeability, gas saturation, and TOC and Tmax 
measurements. High porosity and permeability values indicate core intervals that have favorable 
conditions for reservoir potential. Elevated gas saturation suggests intervals with abundant 
hydrocarbons. Finally, TOC reveals organic-rich intervals throughout the core. In the Tebo 32-2 
core, the highest TOC measurements were observed within the C Marl, with TOC values ranging 
3.2-6.3 wt. %. Observations based on trends in mineralogical data, brittleness index, and 
reservoir and source character, suggest prospective target intervals within the Tebo 32-2 include 
the A Chalk, the B2 Chalk, and the C Chalk (Figure 6.1).  
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Figure 6.1: Minerology, brittleness, and reservoir and source quality logs are correlated to Niobrara stratigraphy and the corresponding 
facies in the Tebo 32-2. Based on the correlations, the most prospective reservoir targets in this well include the A Chalk, B2 Chalk, 
and the C Chalk. 
138 
       
The same chalk benches were identified as prospective targets in the Moran Trust and the 
SOC 36-1 (Figure 6.2 and 6.3). In the SOC 36-1, favorable conditions for reservoir targets were 
also defined within the top half of the A Marl and the B1 Chalk. These trends were correlated 
from mineralogical data, porosity, gas saturation, and TOC measurements available for the 
Moran Trust 2-1 and the SOC 36-1. Permeability and geomechanical data were not available for 
these wells. Similar to the Tebo 32-2, the most organic-rich interval was within the C Marl. 
Organic richness in the C Marl of the Moran Trust 2-1 ranged from 2.9-6.0 wt. %. In the SOC 
36-1, TOC ranged from 2.0-8.6 wt. %.  
 
Figure 6.2: Minerology and reservoir and source quality logs are correlated to Niobrara 
stratigraphy and the corresponding facies in the Moran Trust 2-1. Based on the correlations, the 
most prospective reservoir targets in this well include the A Chalk, B2 Chalk, and the C Chalk. 
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Figure 6.3: Minerology and reservoir and source quality logs are correlated to Niobrara 
stratigraphy and the corresponding facies in the SOC 36-1. Based on the correlations, the most 
prospective reservoir targets in this well include the A Chalk, the top portion of the A Marl, B2 
Chalk, and the C Chalk.
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6.3 Regional Prospectively of Reservoir Targets 
Regional petrophysical maps were developed for the three prospective reservoir targets (A 
Chalk, B2 Chalk, and C Chalk) with the goal of understanding how favorable reservoir 
properties extend regionally throughout the study area. Niobrara Formation tops were picked in 
32 wells that extend across the study area (Figure 6.4). These 32 well logs included available 
well log data that were used to generate isopachs, average density porosity, and deep resistivity 
maps. These maps covered the majority of Adams and Arapahoe County. Isopachs were 
generated from only vertical wells in the area and were used to observe where the reservoir 
interval thickens and thins across the study area. Furthermore, thickness maps provide insight 
into depositional trends associated with structural events in the region.  
Average porosity maps were calculated in Petra using density porosity logs. Resistivity 
was also calculated in Petra using deep resistivity logs from the 32 wells that were available in 
the area. A resistivity cutoff of 15 ohms was applied to this study based on previous studies. 
Therefore, resistivity maps show feet of resistivity greater than 15 ohms. Resistivity mapping is a 
useful tool for assessing the maturity of the Niobrara Formation because increased resistivity can 
indicate elevated maturity in the oil window and better production (Duhailan and Cumella, 
2014). Elevated resistivity can also indicate cementation or hydrocarbon accumulations.  
6.3.1 A Chalk 
The isopach map for the A Chalk was generated from calculating the thickness from the 
top of the A Chalk down to the top of the A Marl. Thickness map for the A Chalk illustrated a 
thickening trend towards the northeast (Figure 6.4). The average density porosity map shows a 
general increase of porosity towards the northeast (Figure 6.5). Porosity near the wells of interest 
range from 8-12%. The A Chalk shows a low overall resistivity, which could potentially indicate 
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fewer hydrocarbon accumulations, less cementation, or lower thermal maturity (Figure 6.6). 
Source rock pyrolysis reveals that thermal maturity was relatively lower in the A Chalk interval 
compared to the rest of the Niobrara Formation, so it could be probable that the thermal maturity 
is lower in the A Chalk. 
 
Figure 6.4: Isopach of the A Chalk based on correlations made in 32 wells in the region. 
Thickness is measured in feet. The three COP wells are indicated by the white circles. The A 






       
 
Figure 6.5: Average density porosity (%) map of the A Chalk based on porosity calculations 
conducted in 32 wells in the region. The three COP wells are indicated by the white circles. 
Porosity appears to increase towards the northeast. Porosity near the three COP wells range 8-
12%.   
 
Figure 6.6: Deep resistivity map of the A Chalk calculated by ft of resistivity greater than 15 
ohms. The three COP wells are indicated by the white circles. A Chalk has a low overall 
resistivity.    
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6.3.2 B2 Chalk 
The isopach map for the B2 Chalk was generated from calculating the thickness from the 
top of the B2 Chalk down to the top of the B2 Marl. The thickness map for the B2 Chalk 
suggested variable sediment thickness throughout the study area (Figure 6.7). A normal fault was 
interpreted to be located northeast of the SOC 36-1 well. Cross sections transecting through this 
area supported the presence of a fault by a significant unconformity or sediment pinch-out of the 
B2 Chalk sediment. Overall, sediment is thicker towards the west. It should also be noted that B2 
Chalk thickness appears to be twice as thick compared to A Chalk and C Chalk reservoirs. 
Porosity map for the B2 Chalk reveals a general increase in porosity towards the northeast 
(Figure 6.8). Porosity near the three COP wells ranged 9-13%. B2 Chalk resistivity is 
significantly higher than the A Chalk and the C Chalk. The resistivity appears to increase 
towards the west. The range of resistivity near the three COP wells ranged from 20 to 35 feet of 
resistivity greater than 15 ohms (Figure 6.9). High resistivity within the B2 Chalk could indicate 
potential hydrocarbon accumulations. 
 
Figure 6.7: Isopach of the B2 Chalk based on correlations made in 32 wells in the region. 
Thickness is measured in feet. The three COP wells are indicated by the white circles. Variable 
thickness in the B2 could be from potential normal faults in the region.  
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Figure 6.8: Average density porosity (%) map of the B2 Chalk based on porosity calculations 
conducted in 32 wells in the region. The three COP wells are indicated by the white circles. 
Porosity appears to increase towards the northeast. Porosity near the three COP wells range 9-
13%.   
 
Figure 6.9: Deep resistivity map of the B2 Chalk calculated by ft of resistivity greater than 15 
ohms. The three COP wells are indicated by the white circles. Resistivity in B2 Chalk was 
significantly higher than the A Chalk and C Chalk. Resistivity tends to increase towards the 
west. 
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6.3.3 C Chalk 
The isopach map for the C Chalk was generated from calculating the thickness from the 
top of the C Chalk down to the top of the C Marl. The thickness map for the C Chalk suggested a 
gradual thickness increase towards the northeast, which was similar to thickness trends observed 
in the A Chalk (Figure 6.10). C Chalk porosity also increased towards the northeast (Figure 
6.11). Porosity near the three COP wells ranged from 8-13%. Resistivity in the C Chalk indicated 
an overall increase towards the southwest (Figure 6.12). The three COP wells do appear to be 
located in resistivity anomalies with measurements indicating 20 feet of resistivity greater than 
15 ohms. 
 
Figure 6.10: Isopach of the C Chalk based on correlations made in 32 wells in the region. 
Thickness is measured in feet. The three COP wells are indicated by the white circles. The C 
Chalk shows a gradual increase in thickness towards the northeast. 
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Figure 6.11: Average density porosity (%) map of the C Chalk based on porosity calculations 
conducted in 32 wells in the region. The three COP wells are indicated by the white circles. 
Porosity appears to increase towards the northeast. Porosity near the three COP wells range 8-
13%.   
 
Figure 6.12: Deep resistivity map of the C Chalk calculated by ft of resistivity greater than 15 
ohms. The three COP wells are indicated by the white circles. Resistivity tends to increase 
towards the southwest. 
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6.3.4 Implications on Hydrocarbon Production 
Variability in thickness trends could due to variable sedimentation rates controlled by 
currents and paleo-bathymetry of the Western Interior Cretaceous Seaway. The B2 Chalk 
appeared to be twice as thick as the A Chalk and the C Chalk. Porosity for all three benches 
appeared to increase towards the northeast. In addition, areas of low porosity appeared to 
correspond to areas of higher resistivity. It is possible that the higher resistivity measurements 
indicate elevated thermal maturity and hydrocarbon generation, which could drive diagenetic 
processes that would result in porosity reduction. High resistivity can also indicate cementation 
or hydrocarbon accumulations.  
Out of the three chalk benches that were defined as prospective reservoir targets, the B2 
Chalk appeared to be the most optimal target because it had double the thickness and its 
resistivity was also significantly greater than the other two chalk benches. Production data was 
not available for all 32 wells to continue the investigation of whether or not the defined reservoir 
targets correlate with production.  
6.4 Regional Influence on Petroleum System  
The regional tectonics throughout the DJ Basin have the ultimate influence on well 
performance within the Niobrara Formation. Geothermal anomalies in the DJ Basin located 
along Proterozoic shear zones have significant effects on the thermal maturities, facies 
distribution, the abundance of natural fractures, and hydrocarbon accumulations. Studies support 
that the most prolific Niobrara oil and gas fields are located on paleo-high structures (e.g., 
Weimer, 1983).  
The Turkey Creek High is the paleo-high structure that underlies the LBR and is thought 
to influence the hydrocarbon system in this area. Paleo-high structures are evidenced by 
anomalies in stratigraphic thickness and facies distribution, elevated pressures and thermal 
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maturity trends, and deviations from regional basement gravity or aeromagnetic signatures. The 
presence of Turkey Creek High was documented in this study, confirmed by stratigraphic 
thinning and elevated thermal maturities noted in the Niobrara sequence coincident with a 
basement aeromagnetic anomaly (Figures 2.3 and 2.5).  
Diagnostic Fracture Injection Test (DFIT) data was provided for the Tebo 32-2 well. 
DFIT data are pressure transient tests that determine reservoir and frac properties in 
unconventional reservoirs. This study used the DFIT results to determine the reservoir’s pressure 
and geothermal gradients. Pressure gradients calculated from the DFIT data indicated a reservoir 
pressure of 0.6 psi/ft in the Tebo 32-2 well. The standard formation water gradient in the Rocky 
Mountain region is known to be 0.45 psi/ft. Therefore, a value of 0.6 psi/ft suggests the reservoir 
is overpressured. This observation supports the interpretation that the Turkey Creek High 
appears to have contributed to the elevated geopressures and thermal maturities for the Niobrara 
Formation in the study area.  
Geothermal gradients were also calculated from the DFIT data at four different depths 
along the Tebo 32-2 core and were recorded in °F/1000 ft. The Wattenberg Field is located north 
of the LBR and can be used as an analog for this study. The Wattenberg Field shows clear “hot 
spot” anomalies that are known to contribute to the best production in the area. Gradients outside 
of Wattenberg Field range from 16 - 18 °F/1000 ft. Areas within the field that are associated with 
strong well performance have geothermal gradients ranging from 28 – 29 °F/1000 ft (Meyer and  
McGee, 1985). For wells in this study, the geothermal gradients ranged from 26 - 27 °F/1000 ft, 
which is comparable to the geothermal gradients from productive fields in Wattenberg Field.  
Elevated geothermal gradients associated with the Turkey Creek High were also 
supported by analyzing thermal maturity trends across the basin. Tmax values mapped across the 
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DJ Basin in Figure 2.6 highlighted the presence of the Turkey Creek High in Arapahoe and 
Adams County. Furthermore, source rock pyrolysis analyses conducted for the three COP wells 
revealed trends in the thermal maturity (Chapter 4). It appeared that samples from the SOC 36-1 
were less thermally mature compared to maturity values observed from Tebo 32-2 and Moran 
Trust 2-1. This may reflect the marginal location of the SOC 36-1 in relation to the Turkey Creek 
paleo-high structure. Compared to the Moran Trust 2-1 and the Tebo 32-2 wells that are located 
more central to the paleo-high structure, the SOC 36-1 is located further off of the Turkey Creek 
High (Figure 4.33). Therefore, the farther distance from the paleo-high structure may result in 
lower thermal maturities observed in the SOC 36-1 source rock data. 
Finally, the presence of the Turkey Creek High can also be evidenced by enhanced 
production. In a study conducted from Drake and others (2013), they concluded that trends in oil 
saturations were associated with paleo-highs in the DJ Basin. This would suggest a connection 
between paleo-seafloor morphology, elevated thermal maturities, and hydrocarbon 
accumulations. Production data was not available for this study, but resistivity is often used to 
indicate potential areas of hydrocarbon accumulations in the Niobrara Formation (Figures 6.6, 
6.9, and 6.12). A study conducted by Kirchin (2017) used resistivity log measurements to 
generate a net pay map for the B and C bench in the LBR (Figures 6.13 and 6.14). In result, the 







       
 
Figure 6.13: Net Pay for B Bench in Lowry Bombing Range. Net pay measured by ft of pay > 30 
Ohmn Resistivity. Location of the three COP wells indicated by white circles. Pink dots indicate 
wells used to generate this map. Turkey Creek High outlined in black. Figure modified from 
Kirchin (2017).  
 
Figure 6.14: Net Pay for C Bench in Lowry Bombing Range. Net pay measured by ft. of pay > 
30 Ohmn Resistivity. Location of the three COP wells indicated by white circles. Blue dots 
indicate wells used to generate this map. Turkey Creek High outlined in black. Figure modified 
from Kirchin (2017).  
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CHAPTER 7  
CONCLUSIONS 
1. Facies were defined by depositional fabrics at the macro- and micro-scale. Facies 
variability resulted in carbonate-quartz-clay content ratios, presence and degree of 
preservation of pellets, presence of organic matter, differences in textures and fabrics, 
and allochem presence. In total, nine facies were defined in the cores used for this study. 
This facies classification scheme documents the microfacies of chalks versus marls and 
contributed to interpretations of reservoir and source potential.  
2. The distribution of facies observed in the Tebo 32-2 and Moran Trust 2-1 revealed that 
the facies with the well-preserved pellets were located in the top portion of the Niobrara 
Formation. From the B1 Marl down to the Fort Hays, the preservation of pellets appeared 
to reduce as facies became more bioturbated and concentrated in siliciclastic material. 
The reason for such a dramatic shift in facies is largely attributed to stratigraphic effect of 
the depositional environment.  
3. Bulk mineralogical analysis indicated that carbonate content is highest in chalk-rich 
facies (Facies 1, 5, 7, 8, and 9). Conversely, marl-dominated facies (Facies 2, 3, 4, and 6) 
showed an increased abundance in siliciclastic material and are rich in clay and quartz. 
4. Chemostratigraphy observations revealed that detrital elements (Al, Ti, and K) are 
consistently higher in marl benches. Ca and Sr are associated with carbonate content and 
were highest within the chalk intervals of the Niobrara Formation. Spikes in redox-
sensitive, organophillic, and euxinia elements occurred in the C Marl and C Chalk and 
corresponded with the highest TOC levels. Areas of extensive bioturbation, particularly 
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within the B2 Chalk, C Chalk, and the Fort Hays Limestone, had a notably significant 
decrease in redox-sensitive, organophillic, and euxinia proxies. These bioturbated 
intervals also corresponded to lower TOC values.  
5. A variety or pore types were observed under SEM petrographic analysis. Interparticle 
porosity was observed in the carbonate-rich matrix and within the pyrite framboids and 
individual pyrite crystals. Intraparticle porosity was abundant in pellets.   
6. Based on GRI reservoir quality data and petrographic analyses, the facies with the most 
reservoir potential identified in this study were the pellet-rich facies (Facies 1, 2, and 3) 
and the bioturbated chalk-rich facies (Facies 5 and 8). Non-reservoir facies would include 
Facies 4, Facies 7, and Facies 9. 
7. Analysis of source rock potential suggested that all benches within the Niobrara 
Formation besides the A Chalk, B1 Chalk, the D Marl, and the Fort Hays Limestone can 
serve as potential source rocks. Overall, it appears that the B2 Marl and the C Marl have 
the highest TOC values and, therefore, contain the best source rocks. 
8. Observations based on normalized oil content versus Niobrara stratigraphy revealed that 
the best indicators for increasing producibility were in the chalk benches (B1 Chalk, B2 
Chalk, and C Chalk). In general, this corresponds with reservoir quality benches that had 
higher porosity and permeability measurements. 
9. Rock fabric had an influence on geomechanical character. The pellet-rich facies (Facies 
1, 2, and 3), as well as the bioturbated chalk-rich facies (Facies 5, 7, 8, and 9), 
contributed to the brittleness character in the Tebo 32-2.  
10. Recognizing the exploration potential of unconventional reservoirs requires knowledge of 
geology, geochemistry, petrophysics, mineralogy, and geomechanics. Based on the 
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culmination of analyses conducted throughout this study, the most prospective reservoir 
targets were identified to be the A Chalk, the B2 Chalk, and the C Chalk.  
11. Petrophysical log responses were used to generate isopachs, porosity maps, and deep 
resistivity maps for each prospective reservoir target to observe how reservoir and source 
quality extend throughout the study area. Based on the maps for the three prospective 
targets, the B2 Chalk appeared to be the most optimal target because it was thicker and its 
resistivity was significantly greater than the other two benches, particularly westward 
from the three study wells.  
12. The Turkey Creek High appears to have had the ultimate influence on production 
potential in the Lowry Bombing Range. The presence of the paleo-high structure was 
evidenced Niobrara stratigraphic thinning, elevated thermal maturities and overpressuring 
















       
 
 
CHAPTER 8  
FUTURE WORK 
1. Collect XRF data at a higher resolution (foot or half a foot scale intervals) for the Tebo 
32-2 core to contribute to the understanding of facies variations made from the Moran 
Trust 2-1 core.  
2. Obtain MICP data and other quantitative porosity/permeability data to supplement GRI-
porosity based measurements of pores. NMR data would be useful for discriminating 
discrete pore and fluid distributions in tight reservoirs. 
3. Utilize cores and CT images of the core to quantitatively describe and evaluate the 
horizontal fractures to contribute to geomechanical analyses.  
4. Conduct in-depth analysis of DFIT data to determine fracture parameters (e.g., closure 
time, closure stress, net pressure, and fluid efficiency).  
5. Obtain and interpret 3D seismic that was acquired for this area. Geomechanical analyses 
conducted in this study could be correlated to the analysis of the regional-scaled faulting 
system.  
6. A high occurrence of chalk/marl interbeds are thought to contribute to enhanced 
production due to better conditions for fracture propagation. More work is needed to 
quantify the amount of interbedded chalks and marls to investigate a potential correlation 
with geomechanics and frackable reservoirs.   
7. Acquire production data to assess how the Turkey Creek High influences well 
performance in Arapahoe and Adams County.  
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